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Bioactive  Medical  and  Dental  Materials 

1)  Clinical  needs  and  tjqjes  of  biomedical 
materials. 

2)  Tissues  and  their  reaction  to  implants. 

3)  Principles  of  bioactive  bonding  . 

4)  Medical  and  dental  application  of  bioactive 
implants. 


Sol  Gel  Optics  Technology: 

1)  Principles  of  sol-gel  processing  . 

2)  Gel  silica  optics,  micro-optics  and  surface 
diffractive  optics. 

3)  Porous  gel  silica  matrices  for  hybrid  optics. 

4)  Concepts  of  commercial  principles  of 
technology  transfer  and  entreneurship. 

Infra-red  Transmitting  glasses: 

1)  glass  forming  systems. 

2)  Optical  properties  of  IR  glasses  . 

3)  IR  glass  optical  fibers. 

4)  Rare-earth  doped  glasscs(optical  amplifier, 
fiber  laser). 

5)  IR  glasses  for  integrated  optics. 

Fundamentals  of  Industrial  glass 
melting: 

1)  Introduction  into  Modern  Gla.ss-  Manufacturing. 

2)  Batch  Melting, 

3)  The  fining  process. 

4)  Volatilization  and  dust  formation  in  glass 
furnaces. 

5)  Foam  formation  during  glass  mcliing. 

Glass  Surfaces: 
t)  Introduction. 

2)  Characterization  of  gla.ss  surfaces. 

3)  Surface  Chemistiy. 

4)  Manufacturing  effects  on  glass  surfaces. 
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1 1:30  -  12:'30  Sol  Gel  Optics  Technology  (I )  L.  Hench 

12:30  -  13:30  Infra-red  Transmitting  glasses  (i  )  J.  Lucas 

13:30  -  14:30  Bioactive  Medical  and  Oentai  Materials  (1  )  L.  Hench 

14:30  -  15:00  Lunch 
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Lectures 

(In  brief ) 


SOL  G13L  OPTICS  'I'LCHNOLOGY 


l.ecwre  1:  PRINCIPLES  OF  SOL  GEL  PROCESSING 

■'■here  are  7  processing  steps  involved  In  making  products  by  low 
temperature  sol  gel  chemical  methods:  1)  mixing,  2)  casting.  S)  gelation 
4)  avinf  )  drying,  6)  stabilization,  and  7)  densification.  The  phys.ca 
cimnical'  principled  of  each  of  these  process  steps  are 
summarizes  the  seven  process  steps  and  shows  a  schematic  ol  i  c 
ulirastructural  evolution  that  occurs  during  sol  S'!'  ^^e 

rm«e  of  processing  temperatures  are  also  shown  in  Ligure  1.  Step, 
■dt4  occu  at  ambient  temperature  and  therefore  perm.,  use  o 
inexpensive  molds  and  requires  only  small  capital  investment.  Drying 
takes  place  in  inexpensive  controlled  a™°5phere  ovens  from  100  to 
180  C.  Chemical  and  thermal  stabilization  of  sol  gel 
temperatures  in  the  range  of  800-1000C  using  standard  ceramic 

furnaces.  Following  stabilization  two  types  of  new 
be  made:  1)  porosity  can  be  eliminated  to  form  a  full  density  glass 
called  Type  V  Gel  Silica  (GELSIL®);  or  2)  the  porosity  can  remain  open 
and  mterconnected  for  use  as  a  porous  optical  matrix,  Type  VI  Gel  Silica. 
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Lecture  2:  GEL-SILICA  OPTICS. 
DIFFRACTIVE  OPl'ICS 


MICRO-OPTICS  AND  SURFACE 


Casting  of  silicon  alkoxide  derived  sols  into  molds  yields  pure  silica, 
optical  components  with  net  shapes  and  net  surfaces.  The  optical 
properties  of  gel-derived  silica  are  superior  to  commercial  optical  silicas 
of  Types  I, II, III,  and  equivalent  to  the  most  expensive  Type  IV  silicas. 

L  An  important  advantage  of  the  sol  gel  method  of  making  optical  silica  is 

elimination  of  costly  and  inaccurate  slicing,  grinding  and  polishing 
operations.  A  further  advantage  of  gel-silica  processing  is  the  ability  to 
replicate  with  very  high  precision  surface  features  needed  to  produce 
micro-optics  and  surface  diffractive  optics.  Replication  of  Fresnel 
lenslets  of  +/-0.1  micrometers  can  be  achieved  in  full  density  silica,  for 
e.xampie.  Figure.;2  shows  examples  of  some  of  the  net  shape  optical  silica 
components  made  by  the  gel-  silica  porcess. 


Uniurf  ^  Slira  hin.in  opiir  (iu;cri»-kii«. 
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Lecture  3:  POROUS  GEL  SILICA  MATRICES  FOR  HYBRID  OPTICS 


Control  of  the  rates  of  hydrolysis  and  condensation  reactions  prior  tg. 
gelation  and  control  of  the  length  of  aging  time,  temperature  and  pH  can 
be  used  to  alter  the  size  and  size  distribution  of  interconnected  porosity 
in  gel  derived  silica.  Narrow  pore  size  distributions  of  +/-  0.2  nm  in  the 
range  of  1.2  to  12  nanometers  result  in  optical  materials  that  are 
transparent  in  the  visible  and  near  ultraviolet.  The  volume  percentage 
of  porosity  can  be  controlled  from  as  much  as  80%  to  as  low  as  15%.  See 
Figure  3  for  the  range  of  thermal  history  and  textural  properties  of  the 
porous  gel  silica  matrices.  The  wide  range  of  textures  permits 
impregnation  of  the  porous  optical  matrices  with  many  different  types 
of  optically  active  second  phases,  creating  a  new  generation  of  hybrid 
optics.  Thermal  and  chemical  stabilization  temperatures  also  can  be 
varied  from  800  to  1000  C  which  controls  the  concentration  of  silanols 
and  metastable  trisiloxane  rings  on  the  porous  gel  silica  surface. 
Interaction  of  these  surface  features  with  second  phases  is  important  in 
optimizing  performance  of  a  hybrid  optical  component.  Examples,  such 
as  solid  state  dye  lasers,  toxic  gas  sensors,  scintillation  detectors  and 
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DcN'clopint!  a  conimerical  business  from  ^c^v  technology  is  diPiculi  and 
exj)ensi\'e.  hew  university  or  government  laboratories  have  the 
expencnce  to  circumvent  the  barriers  encountered  in  technology 
transfer.  Four  primar)'  pathwav’s  associated  with  a  succcssl  ul  technology 
transfer  process  are  described,  as  summarized  in  Figure  4.  The 
pathwtu s  are!  !)  Research,  2)  Patent  Protection,  o)  Maikct  Assessment, 
and  4) 'Technology  Demonstration.  The  output  of  each  of  the  paths  is 
shown  in  Fig.  4  along  with  estimates  of  the  costs  involved  and  the  time 
required  to  L'hieve  an  output.  The  concept  of  staggered  ptirtillel  paths  of 
technedoay  transler  is  described  and  the  steps  necessar)  to  foim  a 
competitive  start-up  business.  F.xan'iples  from  the  field  of  sol-gel 
[trocessing  of  optics  and  bioactive  medical  materials  are  used  to 
illustrate  the  principles  involved. 
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Roseofcn  Concept 

Four  primary  pathways  required  for  technology  transfer. 
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FIG.  L  Thermal  compositional  processing  diagram 
for  the  sol-gel-derived  Na;0-Si0:  system. 
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FIG. 4;  Silica  optical  components  made  with  the  sol- 
gel  process. 
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Present  Problems  and  Future  Needs  in 


Biomedical  Materials 


Larry  L.  Hcnch 

Professor  of  Ceramic  Materials 

Imperial  College  of  Science,  Technology 
University  of  London 


and  Medicine 


Present  Problem:  Many  patients  outlive  their  prosihescs  requiring  revision  surgery. 

Reference:  Clinical  Performance  of  Skeletal  Praslkcecs.  L.L  Hcnch  and  June  H  i/.'f  n. 

Chapman  and  Hall  ( o»e-a'i.mp:an,  su-wa. 


Fig,  15.1  Survivabiltty  of  alveolar  nJge  m.stnle.uncc  implant.s 
reference  eitaiions  given  in  Mil. 


Numhorv  lorrespiinv  to 


Fig.  16.1  Survivability  curves  for  loral  hip  anhroplasiies 


EXTRUSION  -  DISPLACEMENT  RATE  vs.  TIME 
OF  IMPLANTATION 

EAR  OSSICULAR  REPLACEMENTS 


TIME  (years) 


j'OTrces  of  ihe  Problem:  j,-.  „ 

'  1)  Lackv-of  inlerfacial  bonding  between  implant  and  tissue. 

2^  Mismatch  of  elastic  modulusof  implant  and  tissue 

leading  to  stress  shielding  and  accelerated  deterioration  of  bone. 


3)  Implants  are  not  designed  with  respect  to  the  progressive  deterioration 
of  bone  quality  of  aged  patients. 


New  approaches  to  the  Problem 

1)  Bioactive  Composites:  PE-HA,  PE-Bio«lass®.  PS-Bioglass®.  PPS-Bioglass® 

2)  Tissue  Engineering:  Hierarchical  scaffolds 

3)  Tissue  Regeneration:  Mitogenic  response  of  osteoblasts 

4)  Molecular  modelling  and  design  of  biological-implant  interactions 
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reduction 

tany  millions  of  dollars  are  invested 
^ually  in  niaterials  science  research 
1  development  in  U.S.  universities, 
h  the  universities  and  the  sponsors, 
\er  government  or  private  industry, 
e  enormous  incentives  for  the  R&D 
irts  to  become  commercial.  For  pri- 
i  industry  a  successful  development 
ans  new  or  improved  products  or 
cesses  and  ultimately  more  profits, 
the  government,  successful  mate- 
5  development  can  lead  to  improved 
dware  or  operations  efficiency  and 
er  costs.  For  a  university  the  payoff 
be  more  than  economic, 
eally,  successful  commercial  devel- 
lent  leads  to  royalties  paid  to  the 
ersities  in  the  form  of  the  most  pre- 
s  of  assets  —  unrestricted  or  flex- 
income.  Students  and  faculty  can 
>fit  from  the  additional  income, 
privately,  depending  on  university 
7,  and  through  their  departments, 
'•ever,  benefits  can  also  accrue  in  the 
1  of  experience  and  knowledge  gained 
e  participating  in  the  technology 
sfer  process  from  university  to  cor¬ 
don.  Students  who  take  part  in  such 
rts  gain  invaluable  experience  in 
aring  and  defending  patent  applica- 
i,  designing  and  developing  proto- 
5,  and  they  are  exposed  to  economic 
legal  issues  that  are  seldom  taught 
le  classroom.  They  become  more 


valuable  graduates.  Taking  part  in  a  tech¬ 
nology  transfer  case  history  is  a  far  more 
effective  form  of  learning  than  reading 
about  it. 

These  benefits  to  a  university  are  off¬ 
set  by  a  number  of  potentially  negative 
factors.  The  space,  time,  personnel, 
equipment,  and  deadline  pressures  in¬ 
volved  in  commercialization  are  often 
beyond  the  capabilities  of  a  university 
program.  However,  these  limitations 
may  not  be  realized  until  the  effort  has 
begun,  and  it  is  costly  to  stop  in  mid¬ 
stream,  as  is  discussed  below.  ^ 

Thus,  university  administration'and 
faculty  are  faced  with  a  dilemma.  On 
one  hand,  patents,  royalties,  and  com¬ 
mercialization  contracts  appear  to  be 
one  of  the  few  solutions  to  the  ever  in¬ 
creasing  need  for  new  income  and  espe¬ 
cially  flexible  income  at  a  university.  On 
the  other  hand,  the  personnel,  experi¬ 
ence,  or  physical  resources  are  seldom 
available  at  a  university  to  achieve  com¬ 
mercialization  efficiently  or  effectively. 
The  most  common  solution  to  the  di¬ 
lemma  is  an  arm's  length  licensing  of 
the  technology.  This  solution  has  its 
own  perils  and  is  often  difficult  to  con¬ 
trol  and  enforce.  This  article  examines 
the  relative  merits  of  the  alternative  routes 
for  commercialization  based  on  the 
requirements  for  effective  technology 
transfer.  It  is  based  on  my  personal  ex¬ 
perience  with  the  commercialization  of 


several  medical,  dental,  optical,  and 
electronic  products,'  combined  with 
consulting  experiences  and  discussions 
on  business  start-up  efforts  of  various 
faculty  and  venture  capital  friends. 

Rate  of  Technological  Change 

One  of  the  major  difficulties  faced 
today  in  commercializing  new  technol¬ 
ogy  is  the  accelerated  rate  of  technol¬ 
ogy  change. 

Man's  progress  is  often  measured  by 
technological  change.  These  steps,  as 
shown  in  Figure  la,  are  usually  marked 
by  changes  in  materials.  From  pre-history 
to  the  present  day,  the  information  con¬ 
tent  embodied  within  each  new  class  of 
material  has  dramatically  increased.  The 
knowledge  required  to  control  fire  and 
drafts  and  clay  to  make  earthenware 
pottery  was  many  times  greater  than  that 
used  to  make  implements  from  natural 
materials  such  as  bone,  wood,  or  flint. 
As  ceramics  and  manmade  materials  were 
bom,  mankind  was  changed  forever. 

This  was  the  seminal  change  of  civiliza¬ 
tion.  The  birth  of  ceramics  was  immensely 
more  significant  than  just  having  better 
bowls,  jars,  and  pots.  It  was  the  first 
change  leading  to  man's  control  over  na¬ 
ture  rather  than  accepting  living  with  na¬ 
ture.  The  irreversible  change  or  clay  into 
ceramics,  or  natural  into  unnatural,  thus 
had  profound  philosophical  implications. 

The  knowledge  necessary  to  win, 
purify,  and  alloy  metals  built  progres¬ 
sively  upon  that  developed  by  the  early 
potter  and  led  to  the  Bronze  Age  and 
Iron  Age.  Each  age,  thereafter,  built  pro¬ 
gressively  upon  the  earlier  untO  stagna¬ 
tion  in  western  civilizations  occurred 
during  the  Middle  and  Dark  Ages.  How¬ 
ever,  following  the  Renaissance  and  the 
onset  of  the  Age  of  Science,  the  knowl¬ 
edge  content  associated  with  the  devel¬ 
opment  of  new  materials  increased  at  an 
exponential  rate  or  more  (Figure  I).'"* 

Technological  Half-Life 

An  important  consequence  of  this 
rapid  increase  in  the  rate  of  change  is  an 
ever  decreasing  technological  half-life  for 
new  developments  (Figures  lb  and  •:). 
At  one  time,  advances  in  new  materials 
might  have  lasted  for  thousands,  or  at 
least  hundreds,  of  years.  Today,  the  life 
span  of  growth  of  a  new  development, 
from  concept  to  production  through  rapid 
expansion  and  then  to  maturity  a.nd  the 
slow  growth  of  a  commodity  (Figure  lb), 
is  measured  in  decades. 

By  the  21st  century,  a  technological 
half-life  may  only  be  a  few  years  or  less. 
Many  fields  of  materials  are  already  far 
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Figure  1.  The  (a}  rapid  change  in  materials  technology  and  (b.c)  its  effect  on  technological 
half-life. 


past  their  technological  half-lives.  Glass 
coritainers,  structural  clay  products, 
whitewares,  refractories,  and  enamels 
are  all  examples  of  ceramic  industries 
where  growth  seldom  exceeds  the  growth 
in  the  GNP,  if  at  all.  Ferrous  metals, 
copper,  etc.  are  also  at  the  maturation 
end  of  their  technological  lifetimes.  For 
some  materials,  stagnation  has  set  in 
and  the  growth  curve  has  a  negative 
slope.  The  technological  half-life  for 
these  products  was  in  the  range  of  30  to 
-lO  years.  Most  of  the  R&D  efforts  in  these 
fields  past  their  technological  half-life 
consists  primarily  of  the  small  evolution¬ 
ary  steps  required  to  just  maintain  their 
positions  as  slow-growth  commodities. 

Materials  science,  in  the  broadest 
sense,  has  been  equally  seminal  in  the 
birth  of  this  technological  explosion  as  it 
was  in  the  birth  of  man's  first  technology. 
The  rapid  rate  of  change  in  information 
content  of  new'lhaterials  parallels  the 
rapid  rate  of  information  transfer  within 
>oaety.‘The  two  rates  are  interconnected 
ind  lead  to  the  autocatalytic  explosion 
af  technological  development  shown  in 
-igure  Ic. 

Without  the  technology  of  high  per- 
oimance  insulation  and  dielectric  isola- 
ion,  microencapsulation  and  packaging, 
ligh  storage  capacitors,  ultiahigh  purity 
rystal  growth,  chemically  doped  semi- 
onductors  and  many  more,  there  would 
'6  no  microelectronics  or  information 
'rocessing  field  today.  The  next  major 
xpansion  in  microelectronics  is  very 
kely  to  involve  high  T*  ceramic  super- 
onductors,  which  require  the  applica- 
on  of  advanced  ceramic  processing 
jchnology  to  produce  useful  products, 
ecent  developments  in  high  tempera- 
jre  ceramic  matrix  composites  and 
■ansformation-toughened  ceramics 
.dicates  that  this  field  is  at  the  threshold 
■  revolutionizing  high  temperature  struc- 
:ral  applications  of  materials.  Carbon- 
rbon  composites  are  already  making  a 
ajor  impact  on  aircraft  structure  and 
rbine  design.  The  development  of 
oactive  ceramics,  glasses  and  glass- 
rariucs  and  molecular  control  of  poly- 
sr  surfaces  has  begun  to  revolutionize 
smaterials  and  many  areas  of  medical 
d  dental  treatment.  Likewise,  recent 
vances  in  solid  state  lasers,  sol-gel  de¬ 
ed  optics,  quantum  confinement,  and 
nlinear  optical  materials  are  begin- 
■^g  to  yidd  important  advances  in 
tical  based  communications  and  in- 
■mation  processing  systems. 

Thus,  the  fields  of  superconducting 
amics,  ceramic  matrix  composites, 
ighened  structural  ceramics,  multi¬ 


functional  polymers,  biomaterials,  and 
photonic  materials  are  all  at  the  earliest 
stages  of  their  technological  lifetimes. 
Thus  t  <  T\n  for  these  new  materials. 


However,  the  rapidly  decreasing  value 
of  T'l/j,  Figure  Ic,  for  all  technological 
developments  makes  it  progressively 
more  difficult  to  project  a  technological 
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technology  transfer  processes 
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Figure  2.  Four  primary  pathways  required  for  technology  transfer. 


Mife  for  any  singular  new  develop- 
nt,  even  ones  as  exciting  as  those 
.'d  above. 

chnological  Transfer 
1^6  uncertainties  of  technology  trans¬ 
make  it  difficult  for  materials  science 
!  engineering  programs  to  meet  the 
Uenge  of  rapid  change  within  a  uni- 
sity.  Technology  transfer  is  often 
•sidered  to  be  like  death  and  taxes, 
,  inevitable.  In  fact,  the  technology 
isfer  process  is  both  long  and  com- 
X.  Figure  2  summarizes  the  many 
os  involved  in  bringing  a  research 
\  from  concept  to  commercialization, 
here  are  four  primary  paths  in  achiev- 
technology  transfer,  each  with  a  dis- 
tly  different  principal  output: 

Output 
PhDs  and 
Publications 
Patents 
Profit  Potential 
Prototypes 

four  paths  must  occur  in  order  for  a 
cept  to  become  a  commercial  suc- 
j,  i.e.,  to  become  a  product  which 
be  produced  and  sold  in  the  market- 
*  with  a  reasonable  return  on  invest- 
Tt.  Each  technology  transfer  path 
a  time  line  which  is  governed  by  the 


Path 

search 

ant  Protection 
ket  Assessment 
hnology 
smonstration 


serial  sequence  of  steps  indicated  in  Fig¬ 
ure  2. 

Although  a  specific  length  of  tirne 
is  indicated  for  the  steps  shown  in  Fig¬ 
ure  2,  in  reality  the  distribution  of  times 
is  unique  for  a  given  product  and  orga¬ 
nization.  However,  the  time  lines  shown 
in  Figure  2  tend  to  skew  toward  the  short 
end  of  the  distribution  and  so  can  be  used 
as  a  good  measure  of  effective  technology 
transfer.  If  time  increments  are  longer 
than  those  shown,  there  is  likely  to  be  a 
problem  somewhere  in  the  organization. 

In  practice,  the  length  of  time  for  each 
of  the  four  paths  shown  in  Figure  2  is 
close  to  being  optimal.  It  is  seldom  pos¬ 
sible  to  decrease  the  length  of  time  re¬ 
quired  for  either  the  research,  patent 
protection,  market  assessment,  or  tech¬ 
nology  demonstration  phases  of  a  new 
product,  assuming  that  the  product 
involves  substantially  new  technolo^, 
improvements  in  previously  existing 
processing  or  products  take  perhaps  a 
third  less  time  in  the  technology  demon¬ 
stration  phase  because  the  pilot  plant 
facilities  already  exist.  However,  the 
time  lines  for  R&D  and  patent  protec¬ 
tion  are  nearly  Invariant,  regardless  of 
the  level  of  innovation  being  pursued. 
Also,  experience  shows  that  it  is  seldom 
possible  to  short-circuit  any  of  the  indi¬ 
vidual  steps  in  Figure  2  without  suffer¬ 
ing  expensive  delays  later. 

Figure  2  shows  technology  transfer 


as  four  parallel  paths.  It  is  optimal  to 
pursue  all  four  paths  in  parallel,  rather 
than  in  sequence,  for  several  reasons: 
(1)  shorter  cumulative  time,  (2)  feedback 
of  information  between  paths,  (3)  main¬ 
tenance  of  momentum,  and  (4)  lower 
total  cost. 

If  it  is  possible  to  pursue  the  four 
technology  transfer  paths  in  parallel,  as 
shown  in  Figure  2,  then  the  cumularive 
time  for  a  successful  technology  transfer 
process  is  approximately  six  years  .^How¬ 
ever,  if  it  is  necessary  to  complete  each 
path  prior  to  commencing  the  next,  the 
cumulative  time  is  more  than  doubled 
to  12  years.  Often  this  is  the  case  because 
the  costs  associated  with  patent  protec¬ 
tion  and  technology  demonstration  are 
usually  considerably  larger  than  research 
costs.  Consequently,  new  layers  of  man¬ 
agement  become  involved  in  the  deci¬ 
sion  making  process  as  one  moves  from 
Path  1  >  2  >  3  >  4.  Since -the  project 
costs  of  Paths  2-4  are  substantially  high¬ 
er  than  usually  budgeted  in  universi¬ 
ties,  the  time  required  to  evaluate  the 
project  and  also  the  number  of  people 
required  to  evaluate  go  up  proportion¬ 
ally.  The  probability  of  approval  goes 
down  proportionally. 

A  combination  of  factors  often  leads 
to  a  long  serial  technology  transfer 
process.  The  major  impedance  step  in 
the  serial  process  is  the  transfer  from 
Path  3  >  4.  The  level  of  financial  com¬ 
mitment  goes  up  by  a  factor  of  10  at  this 
point.  However,  cost  is  not  the  only  bar¬ 
rier  in  moving  from  Path  3  >  4-  Per¬ 
sonnel,  management,  and  facilities  are 
equally  important  factors. 

in  order  to  achieve  a  demonstration  of 
the  technology  (Path  4)  it  is  essential  to 
create  a  team  composed  of  the  scientist(s) 
who  originated  the  discovery,  engineers 
capable  of  scaling-up  the  technology  and 
experienced  in  designing  the  requisite 
equipment,  along  with  technical  staff, 
and  management.  Experience,  skills, 
altitudes,  responsibilities,  and  tempe.-a- 
ments  differ  greatly  among  such  a  team. 
Consequently,  considerable  time  can  be 
invested  in  achieving  an  acceptable  sched¬ 
ule,  plan  of  action,  budget,  and  commit¬ 
ment  to  "make  it  work." 

Most  of  the  time  the  technology  will 
not  work  in  the  demonstration  scale  with¬ 
out  a  number  of  trials.  Corrsequently, 
feedback  of  information  from  the  techno¬ 
logy  demonstration  team  to  the  science 
team  and  vice  versa,  i.e..  Paths  1  >  4,  is 
essential.  However,  by  this  time  cre¬ 
ative  scientific  personnel  will  have  al¬ 
ready  moved  on  to  other  interests  and 
are  not  enthused  about  returning  to  an 
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''old"  project  when  problems  arise.  The 
net  effect  is  a  lengthening  of  Path  4. 
These  difficulties  can  arise  whether  the 
technology  transfer  effort  occurs  within 
the  universityvor  with  an  "arm  s  length 
licensing  agreement  between  the  uni¬ 
versity  and  a  corporation. 

In  most  cases  the  funds  to  pursue  a 
Technology  Demonstratiou  projert  will 
not  be  approved  without  completion  of 
a  marketing  and  commercialization  study, 

>  Path  3.  The  marketing  analysis  will  at¬ 
tempt  to  project:  cost/benefit  ratios,  capi¬ 
tal  required,  size  of  market,  time  to  reach 
the  market,  percentage  of  market  pene¬ 
tration,  competitive  position  of  the  new 
technology,  lead  times  over  the  compe¬ 
tition,  profit  margins,  effect  on  existing 
corporate  products,  etc;  Most  university 
science  and  engineering  departments 
do  not  have  the  staff  or  experience  to 
make  this  analysis. 

The  greater  the  advance  of  the  new 
technology,  the  more  difficult  it  is  to 
make  these  marketing  and  commerdal- 
ization  assessments.  Therefore,  the  bet¬ 
ter  the  technology  the  greater  is  the  nsk 
and  the  longer  is  the  time  required  to 
pass  judgment  that  it  should  be  sup¬ 
ported  to  enter  Path  4,  and  become  a 
Technology  Demonstration  Program. 
One  dominant  mode  of  dealing  with  a 
high  risk  decision  is  to  postpone  it. 
Again,  the  effect  is  to  lengthen  the  ini¬ 
tiation  of  Path  4  and  the  overall  technol¬ 
ogy  transfer  time  line. 

Thus,  there  are  two  primary  difficul-  _ 
ties  in  pursuing  Paths  2, 3,  and  4  entirely 
in  parallel;  (1)  the  5  to  10  inaease  in  cost 
of  moving  from  prototypes  to  pilot-plant 
scale  operations,  and  (2)  the  heed  to 
complete  market  assessments  before  large 
budgets  can  be  approved.  Consequently, 
the  staggered  parallel  paths  (2  >  3  >  4) 
shown  in  Figure  2  are  required  by  eco¬ 
nomic  realities. 

The  cumulative  time  for  a  staggered 
parallel  technology  transfer  program  (tP^) 
is  approximately  six  years;  for  a  senal 
technology  transfer  program  (f'n),  ap¬ 
proximately  12  years.  It  requires  a  very 
high  level  of  organizational  efficiency 
and  substantially  greater  risk  to  re¬ 
duce  these  figures  to  shorter  times.  It  is 
extraordinarily  easy  for  the  time  lines  to 
lengthen. 

The  Problem 

Comparing  Figures  1  and  2  ideiihties 
a  serious  problem.  For  a  given  field,  as 
Tuj  deaeases  it  approaches  f„.  Conse¬ 
quently,  when  Ty,  ^  /„(i„  a  development 
program  will  have  reached  its  techno¬ 
logical  half-life  before  it  is  even  out  of 
the  pilot  plant  stage.  This  is  indeed  pos- 
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WORLD-WIDE  DISTRIBUTION  OF  TECHNOLOGY  TRANSFER  TIMES 
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Figure  4.  DisMon  of  tcchnohsy  transfer  times  compered  with  technology  development 
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sible  because  of  two  factors:  (1)  There 
are  an  exponentially  growing  number  of 
alternative  developments  being  pursued 
simultaneously;  and  (2)  there  is  a  distri¬ 
bution  of  t„  for  each  alternative.  This 
competitive  situation  is  illustrated  in  Fig¬ 
ure  3,  where  the  time  curves  for  serial  f„ 
and  staggered  parallel  t„  are  compared 
with  the  technology  development  curve. 

Consequently,  development  alternatives 
with  a  short  t„  will  enter  production  and  rap¬ 
idly  achieve  market  dominance^  while  com¬ 
petitive  developments  are  still  within  Paths  3 
,  and  4  in  the  technology  transfer  process. 

As  indicated  previously,  any  given 


technology  transfer  program  is  in  fact 
competing  with  many  other  programs 
worldwide.  Each  program  will  have  a 
characteristic  value  of  The  distnbu- 
tion  of  fft  is  compared  in  Figure  4  with 
the  technology  development  curve,  it  is 
apparent  that  only  the  programs  skewed 
to  t^he  short  end  of  the  distribution  will 
share  in  the  rapid  growth  and  rapid 
r6tum  on  investrri^rit. 

Thus,  efficiency  of  technology  rians- 
fer  and  speed  of  response  to  new  devel¬ 
opments  become  the  major  factors  for 
commercial  success. 

This  is  a  dramatic  change  from  the 
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to  Comhnerce:  The  Challeng^ofTechno^^ 


past  (see  Figure  la)  when  prownuty  or 
quaUty  of  resources,  size  or  skih  of  man 
power  pool,  cost  of  ener^,  size,  prox- 
Enity  to  markets,  availability  of  capital, 
or  Mvemment  subsidy  were  the  dom^i- 
nalt  factors  for  success  of  a  ^^smess. 

The  materials  industry  m  Umted 
States  and  Europe  receives  fairly  poor 

marks  in  recognizing  and  ^espo^mg 
this  challenge  of  rapid  change,  ^^e^e  is 
relatively  little  effort  in  evidence  that 
the  traditional  materials  industry  is 
accelerating  technology  transfer  pro¬ 
cesses.  The  emphasis  remams  on  arge 
plants  with  large  capital  investment  and 
very  slow  response  times  to  change. 
The  investment  in  basic  processing 
R&D  is  far  lower  than  required  to  main- 
Uin  parity  in  rapidly  developing  techni¬ 
cal  ^eas  There  is  in  general  too  htt  e 
freedom,  imagination,  and  flexibility  in 
R&D  directions. 


The  Solution  (Perhaps) 

Most  importantly,  there  are  very  few 
lone-range  R&D  and  technology  trans¬ 
fer  collaborations  between  materials 
firms,  universities,  and  theU.S.  govern¬ 
ment,  A  few  such  programs  have  been 
organized  but  in  general  they  do  not 
have  sufficient  funding  or  personnel  or 
industrial  commitment  to  have  a  major 
impact  on  this  problem. 

However,  coUaborative  programs  are 
a  step  in  the  right  direction. 
programs  should  be  doubled  or  tnpled 
in  sL  and  a  minimum  of  5  to  10  new  ad¬ 
vanced  matenals  R&D  programs  should 
be  established  with  interdisciplinary 
faculty,  staff,  and  students  involved. 
However,  I  submit  that  for  such  inter¬ 
disciplinary  programs  to  be  successfu 
they  must  be  organized  to  pursue  all 
four  technology  transfer  paths  in  an 
optimal  staggered-parallel  inanner. 

This  requires  that  budgets  be  approved 

with  sufficient  funds  to 
3,  and  4  without  long  and  coatly  delays. 
It  also  means  that  such  programs  should 
have  market  analysis  teams  associated 
with  the  program  from  the  start  in  or^r 
to  minimize  the  Path  2  >  4  delays.  The 
critical  size  and  budget  for  such  ari  inte¬ 
grated  enterprise  is  a  factor  of  five  larger 
than  most  collaborative  prograins  m  ex¬ 
istence.  As  a  result,  most  so-called  col¬ 
laborations  seldom,  if  ever,  naove  past 
(1  >  2)  in  their  payoffs.  Path  3  is  seldom 
organized  and  Path  4  is  commonly  pur¬ 
sued  through  licensing  arrangemerits 
with  little  incentive  to  utilize  university 
expertise.  The  "Not  Invented  Here"  syn¬ 
drome  stifles  progress  even  if  there 
are  corporate  benefits  to  move  quickly 
through  Path  4. 


Conclusion  . 

In  the  age  of  ever  decreasmg  techno¬ 
logical  half-Uves,  it  is  extremely  impor¬ 
tant  to  utilize  all  avaUable  resources  to 
bring  about  the  rapid  commerdal  uti¬ 
lization  of  technology  developed  in  uru- 
versities.  If  the  United  States  is  deter¬ 
mined  to  compete  in  the  World-Wide 
market  for  high-tech  products,  then  it 
must  realize  the  full  benefits  of  coUabo¬ 
rative  means  of  product  development. 

This  requires  rec^  gnizing  the  eco¬ 
nomic  requirementf  nd  risks  of  tech¬ 
nology  derr.onstra'  -  projects.  It  also 
requires  organizin  .liversity  programs 
so  as  to  share risks  among  co^ 
rations  and/o  are  capital  firms.  The 

cost  of  sharin  -ose  risks  is  to  decrease 
the  potentia,  unancial  retur^  on  the 
technology  to  the  university.  The  cos  of 
not  sharing  the  risks,  or  delaying  the 
decision,  .3  to  lose  the  competitive  race 
to  thosr  organizations  that  are  orga¬ 
nized  :  ;  do  so.  "Time  is  money  is  a 
prove-  axiom  in  the  business  world.  It 


is  often  a  foreign  concept  in  a  univer¬ 
sity.  Only  when  universities  recognize 
that  rapid  time  lines  for  technology  trans¬ 
fer  are  as  valuable  as  'the  technology 
itself  wiU  we  be  able  to  compete  effec¬ 
tively  in  the  worldwide  technology  race. 
The  prognosis  at  present  is  doubtful. 

Acknowledgments  ’  ,  . 

The  author  gratefully  acknowledges 
the  continued  encouragement  oi  D.K. 
Ulrich  and  support  of  AFOSR  under 
Contract  No.  F49620-88-C-0073  which 
has  made  it  possible  to  develop  a  means 
for  rapid  technology  transfer. 

References 

1.  L.L.  Hench,  Advanced  Ceramic  Materials  3 
131  (1988)  p.  2(13-206. 

2.  W.H.G.  Armytage,  A  Social  History  of 
Engineering  (MIT  Press,  1961). 

3  T  S  Kuhn,  The  Structure  of  Scientific  Revo¬ 
lution.  2nd  ed.  (Univ.  Chicago  Press,  1970). 
4.  W.D.  Kingery,  Ann.  Rev.  Mater  ba.  ly 
(1989)  p.  1-20.  ^ 


If :  i 


MRS  BULLETIN/AUGUST  1990 


BfOACTIVE  MEDICAL  AND  DENTAL  MATERiALS 

Lecture  1 :  CLiNlCAL  NEEDS  AND  TYPES  OF  BIOMATERIALS 

Aging  results  in  a  progressive  loss  of  the  mass  and  strength  of  bone  (Figure  1) 
which  leads  to  fracture  of  hips,  long  bones  and  collapse  of  vertebrae.  Biomaterials 
in  the  form  of  implants  or  devices  are  used  to  repair,  augment  or  replace  diseased, 
damaged  or  aged  bones  and  teeth. 

The  materials  historically  developed  for  implants  are  corrosion  resistant  but  elicit  a 
non  adherant  fibrous  capsule  which  isolates  the  material  from  the  living  tissue. 
These  materials  must  be  fixed  in  place  by  either  a  self-curing  polymer, 
polymethylmethacrylate,  PMMA,  (cement  fixation)  or  by  mechanical  interlocking 
(morphological  fixation)  or  by  porous  ingrowth  of  bone  (biological  fixation). 

In  contrast,  bioactive  materials  form  a  chemically  bonded  interface  with  living 
tissues.  Bioactive  glasses  composed  of  Si02-Ca0-Na20-P205  have  the  highest 
rates  of  bioactive  bonding  and  develop  a  bond  with  bone  and  soft  connective 
tissues.  The  bond  is  between  collagen  fibrils  and  a  layer  of  biologically  grown 
hydroxycarbonate  apatite  that  forms  on  the  surface  of  the  implant.  These  Class  A 
bioactive  implants  stimulate  the  proliferation  of  new  bone  in  a  process  termed 
osteoproduction.  Synthetic  hydroxyapatite  (HA)  has  an  intermediate  level  of 
bioactivity  and  bonds  only  to  bone  by  osteoconduction,  it  is  a  Class  B  bioactive 
material. 


Fig.  I.l  Efftcl  of  age  on  bone  Daia  ilcicnved  from  G  K,  Mumly  (1994)  Nature 

367,  216-17. 


Fig.  1.2  Effecl  of  age  on  sircnglh  of  bone  and  cartilage.  Dala  from  H.  Yamada  (1970), 
Strength  of  Biological  Materials.  Williams  and  Wilkins.  Baliimore.  MD. 


Lecture  2  : 


TISSUES  AND  THEIR  REACTION  TO  IMPLANTS 


There  are  four  main  types  of  tissue  in  the  body,  epithelium  .  muscle,  nerve  and 
connective  tissue.  All  organs  consist  of  a  combination  of  these  tissues  in  varying 
proportions. 

When  a  tissue  or  an  organ  is  injured,  which  can  be  the  result  of  infection,  disease, 
an  accident  or  deliberate  surgical  intervention,  the  body  responds  with  a  series  of 
events  to  repair  the  damage  and  restore  the  tissue  to  normal.  These  processes  are 
those  of  inflammation  and  repair  and,  under  most  circumstances  ,the  repaired 
tissue  is  virtually  indistinguishable  from  adjacent  undamaged  areas. 

The  situation  is  rather  different  when  an  implant  is  placed  in  the  repairing  tissue. 
The  implant  material  controls  the  rate  and  nature  of  the  repair  and  such  effects 
depend  on  the  properties,  both  chemical  and  mechanical,  of  the  material  as  well  as 
its  size  and  shape. 

Implant  materials  can  be  divided  into  three  main  types  used  in  surgery, 

a)  inert ,  such  as  silicone  rubber. 

b)  degradable,  as  used  for  some  sutures. 

c)  bioactive,  such  as  Bioglass®  and  similar  ceramics. 


These  different  materials  produce  different  effects  on  tissues  which  must  be 
understood  and  more  importantly,  controlled,  before  a  material  can  be  selected  for 
a  specific  application. 


Lecture  3:  PRINCIPLES  OF  BIOACTIVE  BONDING 


There  are  1 1  stages  of  reaction  involved  in  forming  a  bond  between  a  Class  A 
bioactive  glass  implant  and  bone  (Figurel).  The  first  two  stages,  ion  exchange,  and 
network  dissolution  occur  very  rapidly  when  the  glass  is  in  contact  with  body 
fiuids.The  result  of  Stages  1  and  2  is  release  of  soluble  Si,  Ca,  and  P  ions  to  the 
body  fluids.  Stage  3  is  polymerization  of  the  large  concentration  of  silanols  (Si-OH) 
ions  created  during  stages  1  and  2  to  form  a  hydrated  silica  gel  surface.  The  high 
surface  area  of  the  silica  gel  chelates  Ca  and  P  ions  to  form  very  rapidly  an 
amorphous  Ca-P  rich  layer  (Stage  4)  which  rapidly  crystallizes  to  become  a 
biologically  active  hydroxy  carbonate  apatite  (HCA)  layer  (Stage  5). 

Biological  moities,  such  as  growth  factors,  adsorb  and  desorb  from  the  silica  gel 
and  HCA  layers  (Stage  6).  The  proteins  affect  the  extent  of  time  and  behaviour  of 
macrophages  which  are  initially  present  in  any  implant  site  (Stage  7).  The  bioactive 
surface  also  enhances  the  attachment,  differentiation,  and  proliferation  of 
osteoblast  stem  cells  which  leads  to  a  rapid  proliferation  of  new  bone  and 
mineralization  of  the  bone  matrix  (Stages  8-11). 


Bioactive  glasses  can  be  used  as  particulates  which  leads  to  rapid  regeneration  of 
trabecular  bone  or  as  bulk  materials  which  rapidly  form  a  bond  to  either  cortical  or 
trabecular  bone.  The  bioactive  glasses  can  also  be  used  as  a  bioactive  phase  in  a 
composite  with  a  polymer  matrix  which  yields  moduli  of  elasticity  equivalent  to 
natural  bone.  Bioactive  composites  offer  the  important  advantage  of  avoiding 
stress  shielding  of  bone  while  maintaining  a  biological  bond  at  their  interface  with 
tissues 

SEQUENCE  OF  INTERFACIAL  REACTIONS 
INVOLVED  IN  FORMING  A  BOND  BETWEEN 
TISSUE  AND  BIOACTIVE  GLASS 
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BIOACTIVE  GLASS 


1  &  2  FORMATION  OF  SiOH  BONDS'  and  RELEASE  OF  Si(OH)^ 

A  POLYCONDENSATION  OF  SiOH  +  SiOH  — Si-O-Si 
T  TO  FORM  HYDRATED  SiLiCA  GEL 


^  ADSORPTiON  OF  AMORPHOUS  Ca  +  PO  4+  CO3 

CRYSTALLIZATiON  OF  HYDROXYL  CARBONATE 
5  APATITE  (HCA)  _ _ _ 

e  ADSORPTION  OF  BIOLOGICAL  MOIETIES  IN  HCA  LAYER 


7  I  ACTION  OF  MACROPHAGES 

8  ATTACHMENT  OF  OSTEOBLAST  STEM  CELLS 

DIFFERENTIATION  and  PROLIFERATION  OF 
^  OSTEOBLASTS 


10  GENERATION  OF  MATRIX 


1  1  CRYSTALLIZATION  OF  MATRIX  and  GROV/TH  OF  BONE 


BONE 


Lecture  4.  medical  and  dental  applications  of  bioactive  implants 


In  the  last  15  years  Bioglass®  has  been  used  in  an  increasing  number  of  clinical 
situations. 

In  maxillofacial  and  otolarynqoloqical  applications  it  has  been  used  as  a  solid 
device  to  treat  conductive  hearing  loss  due  to  otitis  media,  trauma  or  congenital 
defects.  It  is  a  critical  component  of  a  cochlear  implant  which  can  help  those 
whose  deafness  is  the  result  of  nerve  damage.  As  a  particulate,  it  has  been  used  to 
fill  bony  defects  in  the  mastoid  and  the  orbit,  and  to  mobilise  a  paralysed  vocal 
cord. 

In  urological  applications  it  has  been  used,  in  an  injectable  form,  to  treat  urinary 
incompetence  secondary  to  spina  bifida  and  has  promise  as  a  treatment  for 
vesico-ureteral  reflux. 

In  orthopaedic  surgery  the  particulate  has  been  used  to  supplement  autologous 
bone  (  or  to  replace  it )  as  a  material  to  repair  bony  defects  in  the  spine,  cranium  or 
long  bones. 

In  dentistry  the  particulate  is  the  material  of  choice  for  repair  of  periodontal  defects, 
and  filling  of  dental  cysts.  Maintenance  of  the  alveolar  bone  is  achieved  with  solid 
root-form  implants  placed  in  an  edentulous  ridge. 

The  unique  ability  of  Bioglass®  to  bond  to  both  hard  and  soft  tissue,  as  and  where 
required,  is  what  makes  it  suitable  for  so  many  diverse  clinical  applications. 

There  has  never  been  a  report  of  an  adverse  effect  attributable  to  the  material  at 
any  time  during  its  development. 


Infra-Red  transmitting  glasses 


Lecture  I  :  the  glass  forming  systems 


The  glass  science  and  technology  has  been  in  the  past  almost  totally  dominated  by 
glass  forming  materials  such  as  the  oxides  Si02,  P2O5,  B2O3,  etc... 

Despite  their  excellent  glass  forming  ability,  those  materials  suffer  from  a  limited 
transmission  in  the  infra-red  part  of  the  spectrum. 

Oxide  glasses  have  an  IR  cut-off  in  the  3  pm  region  and  consequently  they  arc  totally 
opaque  in  the  two  strategic  atmospheric  windows  located  in  the  regions  3  -  5  pm  and 
9-12  pm. 

The  rule  for  preparing  an  IR  glass  is  to  combine  heavy  atoms  having  a  chemical  bond 
which  is  strong  enough  in  order  to  ensure  the  stability  of  the  vitreous  materials. 


Indeed  the  two  factors  which  limit  the  interest  of  IR  glasses  are  : 

1)  a  low  glass  transition  temperature  Tg  leading  to  weak  thermomechanical  properties, 

2)  a  bad  chemical  durability  specially  in  front  of  moisture  or  water  corrosion. 

With  respect  to  those  two  parameters,  it  can  be  considered  that  the  majority  of  the 
chlorides,  bromides  or  iodides  based  glasses  described  in  the  litterature  have  only  a 
pure  academic  interest. 

The  chalcogens  based  materials  are  the  most  promising  IR  vitreous  materials 
sometimes  combined  with  halogen. 

The  glass-forming  ability  of  chalcogen  based  glasses  can  be  discussed  by  reference  to 
their  structure  and  the  concept  of  glass  to  crystal  competition  :  for  example  ID,  2D 
and  3D  framework  can  be  found  in  the  chemistry  of  S,  Se,  Te  ba.sed  glasses. 
Therefore,  an  objective  examination  of  the  field  indicates  that  the  number  of 
technically  acceptable  IR  glaSsSCS  are  very  limited. 


Infra-Red  transmitting  glasses 


Lecture  11  :  the  optical  properties  of  IR  glasses 


Most  of  the  effoits  devoted  to  IR  glasses  have  been  motivated  by  three  reasons  ; 

1)  The  need  of  vitreous  materials  covering  the  IR  atmosphere  windows  3-5  pm  and 
8  -  12  pm, 

2)  The  potentiality  of  developing  materials  having  ultra  low  optical  loss  for 
telecommunication  links  or  laser  power  U'ansmission, 

3)  The  development  of  active  glasses  doped  by  lanthanide  for  example,  for  efficient 
laser  or  amplification  applications  ;  this  aspect  will  be  developed  in  lecture  IV. 

The  search  of  material  having  a  good  transmission  in  the  UV  is  very  active,  but 
usually  this  function  is  not  covered  by  IR  glasses  and  S;02  itself  is  an  excellent  UV 
glass.  On  the  other  hand,  heavy  atoms  glasses  arc  specially  interesting  because  of  the 
dependance  of  the  IR  cut-off  position  as  a  function  of  the  atomic  weights.  For 
instance,  the  fluoride  glasses  transmit  the  light  from  0,3  pm  to  the  ultimate  limit  of  8 
pm  :  consequently,  they  are  useful  glasses  for  the  visible  region  and  the  first  3  -  5  pm 
window  used  in  some  night  vision  system.  All  the  heavy  halides  such  as  chloride, 
bromide,  iodide  glasses  have  a  very  weak  durability  and  have  a  limited  interest.  The 
chaicogen  based  materials  due  to  the  presence  of  a  non-bonding  level  associated  to 
lone  pair  electrons  have  a  small  band-gap  and  the  edge  is  usually  in  the  near  IR 
lending  those  materials  black.  Their  poor  transmission  in  the  visible  is  compensated 
by  an  IR  cutt  olf  shifted  towards  long  wavelength  sometimes  20  pm.Their  dual 
capability  in  the  two  atmospheric  windows  is  ideal  for  night  vision  devices,  such  as 
IR  cameras,  thermal  sensors,  etc...  The  advantage  of  the  glassy  state  is  obvious  due 
to  the  possibility  of  shaping  the  material  by  moulding,  fibering,  extending  technics, 
extruding... 

In  combining  band  gap  and  IR  absoiption,  it  can  be  demc.,nsLated  by  the  theory  that 
very  low  absorption  is  expected  in  the  middle  of  the  sc  called  V  shape  curve.  For 
instance,  optical  loss  as  low  as  10'2  dB/kra  is  expected  for  Huoride  glasses.  As  a 
matter  of  fact,  extrinsic  losses  due  to  defects  and  impurities  fc.-bid  to  reach  this  ultra- 
high  transparency. 


Infra-Red  transmitting  g, asses 


Lecture  IV  :  Rare-earth  doped  glasses  :  optical  amplifier, 

fiber  laser 


Passive  functions  such  as  IR  waveguiding  as  describe.',  in  lecture  III,  as  well  as 
development  of  new  IR  optics  for  camera  or  night  vi  ion  systems  are  the  most 
obvious  applications  of  non-conventional  glasses.  Nc .  en'.'.eless,  these  vitreous 
materials  can  also  be  very  interesting  hosts  for  rare-earli,  dcrumts  leading  to  active 
functions  such  as  laser  emissions  or  optical  amplifications. 

Rare-earth,  when  properly  activated  by  UV,  visible  or  near  IR  photons  can  produce 
fluorescence  light  either  by  the  traditional  process  of  p:-,otc;is  relaxation  from  an 
excited  state  but  also  by  more  complex  mechanism  involving  p  mton  addition  and  up- 
conversion  or  excited  state  absorption  phenomena. 

The  IR  glasses  have  a  great  superiority  to  the  silica  glass  due  to  their  low  phonon 
energy  rending  the  fluorescence  emission  much  more  efficient  in  weakening  the  part 
due  to  phonon  relaxation,  in  other  words  heat  dissipation. 

Rare-earth  ions  are  not  accepted  by  all  the  IR  glasses,  spec;all;'  those  having  a  giant 
m.olecule  character.  Therefore,  several  matrices  are  excellent  hosts,  for  instance  : 
ZrF4-based  glasses  (ZBLAN)  where  the  rare-earth  play  tlu-.  roie  of  glass  former,  or 
Ga2S3-based  glass,  GaLaS  when  the  rare  earth  is  a  modifier  .on. 

The  most  spectacular  results  in  the  last  decade  have  been  oi  :aincd  when  the  IR  glass 
is  designed  as  a  core-clad  single-mode  fiber.  This  optical  ■  onfiguralion  results  in  a 
high  continement  of  excited  light  in  the  core  which  contains  the  eloping  ions. 

Laser  operation  are  obtained  for  rather  low  threshold  and  more  than  50  lasing 
wavelengths  have  been  produced,  lying  from  the  blue-UV  due  to  up-conversion 
phenomena  to  mid  IR  for  instance  X  =  3,9  [im  with  Ho3+ 

Optical  amplification  for  regenerating  the  optical  telecommunication  signal  is  also  an 
emerging  and  fascinating  technology.  Two  wavelengths  can  be  used  in  the  telecom 
windows  X=  1,3  and  1,5  }im.  For  the  latter  X,  Er3+  in  silica  i:.  totally  adequate,  while 
lor  the  lormer  X,  only  the  solution  of  Pr3+  in  low  phonon  glasses  such  fluoride 
glasses  have  permitted  tire  development  of  an  industrial  amplifier. 


Infra-Red  transmitting  glasses 


Lecture  V  :  Infra-Red  glasses  for  integrated  optics 


Guiding  the  light,  in  many  complex  optical  configurations  at  the  surface  of  a  glass 
sample,  have  been  the  subject  of  intensive  investigations  during  the  last  two  decades. 
Beam  splitters,  multiplexers,  interferometers,  sensors  have  been  developed  from  the 
concept  of  planar  waveguiding  due  to  a  surface  gradient  index  structure  produced  by 
ionic  exchange  on  a  Si02  based  glass. 

The  interest  of  these  guiding  structures  for  passive  or  active  applications  is  limited  by 
the  intrinsic  phonon  energy  of  the  matrix  which  is  in  the  range  of  Wp  =  1200  cm-2  In 
order  to  produce  channel  waveguide  transparent  in  the  visible  to  8  p  region,  and  to 
develop  efficient  microlaser  or  other  active  devices,  fluoride  glasses  have  been 
selected  as  tlie  most  reliable  vitreous  mauix  for  gradient  index  structure  fabrication. 

The  glass  substrate  is  either  a  ZrF4  based  glass  or  an  InF3  glass  and  the  technology  to 
produce  a  variation  of  refractive  index  at  the  surface  while  keeping  good  optical 
tiansparency  is  the  ionic  exchange.  Two  methods  have  been  developped  : 

1)  the  first  one  consists  in  a  cationic  exchange  between  a  Na  rich  fluoride  glasses  and 
a  Li  containing  organic  melt  such  as  the  palmitate  salts, 

2)  Ae  second  one  cpnsists  in  modifying  the  anion  composition  by  substitution  of  F- 

by  OH-  or  OD-  in  treating  the  glass  surface  by  a  controled  atmosphere  of  water 
vapour. 

The  analysis  of  the  propagation  modes  in  the  planar  waveguide  is  checked  by  M  lines 
method.  Photolitographic  processes  can  be  applied  with  some  restrictions  to  produced 
channel  waveguides.  Single  mode  propagation  have  been  observed  by  near  field 
measurements  indicating  an  excellent  light  confinement  in  the  waveguides.  This 
technology  open  the  way  to  the  development  of  many  micro-optics  devices  such  as 
evanescent  wave  sensors,  microlasers  or  micro-amplifiers  when  the  waveguides  is 
activated  by  rare-earth. 
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1.  INTRODUCTION  INTO  MODERN  GLASS  MANUFACTURING 
Abstract 

After  a  short  introduction  to  get  acquainted  with  the  glass  melting  process  in  general 
emphasis  will  be  put  on  the  challenges  the  glass-maker  faces  nowadays. 

Keywords  m  this  resp^t  are:  energy  conservation  and  pollution  control, 
m  this  paper  we  will  discuss  some  recent  developments  to  demonstrate  the  glass  technologist's 
truggle  to  respond  to  these  new  challenges.  It  will  become  clear  that  he  often  has  to  choose 
betw^n  alternative  options,  even  without  proper  insight  in  the  consequences, 
i  0  reduce  flue  gas  emissions,  for  instance,  the  glass  technologist  must  choose  between  end-of- 
discuS'd^^"^  pnmary  in-process  measures.  Pro's  and  contra's  of  both  options  will  be 

Among  pn many  measures,  combustion  control  methods  to  reduce  NOx,  oxy-fuel  firing  and  ways 
Sternkm  ^ost  promising  and  will  receive  special 

Especially  in  the  container  industry,  cullet  recycling  can  contribute  substantially  in  reducing  flue 

as  well  as  energy  consumption.  Increasing  the  cullet  content  and  still  maintaining 

fin  nJ  fi?  of  contamination  on  colour,  ^ 

Tiling,  foam  formation  and  redox  will  be  discussed. 

energy  wnsumption  the  glass  technologist  has  more  options  than  just  increasing  the 
et  percentage.  He  can  install  waste  heat  recovery  systems  (if  he  has  sufficient  need  for  low- 
tamperature  h^t),  but  he  c^  also  improve  furnace  insulation  (as  long  as  that  does  not  reduce 
umace  life),  he  can  instil  batch  and/or  cullet  preheating  systems  or  he  can  -again-  decide  for 

nniAt  technique  is  becoming  quite  popular  lately,  it  is  worthwhile  to 

M  ^on?^tiences  of  this  technology  on  glass  quality  and  furnace  lifetime 
of  investigated  as  yet.  To  be  mentioned  are  the  effect  on  melt  and  refractory 

of  the  relatively  high  water  and  alkali  concentrations  in  the  combustion  room  ^ 

tL^demZfnf  technologist  has  to  react  to 

he  demands  of  the  customers  to  improve  product  quality,  product  performance  and  to  reduce 

failure  rates.  In  order  to  realise  this,  he  needs  better  understanding  of  material  properties  the 
rnelting  process  and  the  relation  between  those  two.  ' 

With  respect  to  the  melting  process  he  faces  the  problem  that  the  melt  is  hardly  accessible  for 

monitonng  of  chemic^  ^d  physical  phenomena  taking  place  in  the  furnace.  Partly  this 
cm  be  overcome  by  mathematical  modelling.  Models  of  the  glass  melting  process  gradually 
nave  reached  die  state  that  the  glass  technologist  can  effectively  use  them  as  a  tool  to  optimise 
the  process.  They  can  desenbe  the  conditions  and  phenomena  in  parts  of  the  furnace  that  are 
maccessible  for  m^surements.  The  validation  and  "fine-tuning"  L  take  place  by  compSg 

experimenSly^^^*  measurements  of  phenomena  that  can  be  measured  ^ 


2.  BATCH  MELTING 
Abstract 

Most  glass  batches  are  a  complex  mixture  of  components,  some  of  which  are  hi'^hly 
reactive  and  melt  easily,  others  are  more  inert  and  melt  only  at  very  high  temperatures. 


An  overview  will  be  given  of  the  chemical  and  physical  phenomena  that  take  place  when 
this  mixture  is  heated  in  the  glass  furnace. 

Special  emphasis  will  be  placed  on  the  kinetics  of  the  batch  melting  process,  since  that 
determines  the  maximum  output  that  can  be  realised. 

After  melting  down  of  the  batch,  the  liquid  is  still  full  of  unmolten  particles,  sand  mostly. 
The  dissolution  rate  of  these  grains  depends  on  the  diffusion  constants,  the  solubility  and 
on  the  convection  flows  in  the  furnace.  The  effects  of  these  parameters  will  be  discussed 
in  detail. 

Also,  it  will  be  shown  how  this  process  can  be  optimised  with  the  help  of  mathematical 
models  that  exist  nowadays  of  the  melting  process,  including  heat  and  mass  flow 
distribution  and  particle  tracing  techniques. 


3.  THE  FINING  PROCESS 
Abstract 

Fining  is  one  of  the  sub-processes,  taking  place  in  the  furnace,  in  which  the  gas  bubbles 
arc  removed  from  the  melt.  It  is  usually  enhanced  by  small  additions  of  sulphates  or 
antimony  oxide. 

It  will  be  explained  how  these  so-called  fining  agents  function  and  under  what  conditions 
in  the  furnace  their  functionality  can  be  optimised. 

It  will  be  shown  that  the  redox  of  the  melt  is  of  the  utmost  importance  for  this  process. 
The  influence  of  diffusion  constants  and  solubility  of  the  gases  on  bubble  growth  and 
shrinkage  wil'  be  explained.  Bubble  shrinkage  and  resorption  takes  place  during  the 
secondary  fining  process,  which  is  predominant  in  the  last  part  of  the  melting  furnace, 
where  the  glass  cools  down  from  1 500  till  about  1 200  degrees  C. 

Finally  the  phenomenon  of  reboil  will  be  discussed  and  the  possibilities  to  optimise  the 
fining  process  with  mathematical  models,  making  use  of  bubble  tracing  techniques. 


4.  VOLATILISATION  AND  DUST  FORMATION  IN  GLASS  FURNACES 
Abstract 

Volatilisation  is  the  primary  source  of  emissions  from  glass  furnaces.  Also,  it  reduces 
glass  quality,  since  it  gives  rise  to  inhomogeneities. 

The  numerous  sources  of  volatilisation  will  be  discussed  and  it  will  be  shown  how  the 
process  can  be  minimised.  The  effect  of  glass  composition  is  predominant  for  this 
process,  so  that  will  receive  special  attention. 

The  recently  introduced  oxy-fuel  combustion  technique,  making  use  of  oxygen  instead  of 
combustion  air,  strongly  influences  volatilisation  of  certain  components,  so  it  will  be 
discussed  separately. 

Results  of  laboratory  experiments  will  be  compared  with  observations  during  industrial 
glass  melting  and  finally  the  results  of  modelling  studies  will  be  presented. 


5,  FOAM  FORMATION  DURING  GLASS  MEL'i'lNG 
Abstract 

During  the  industrial  glass  production  a  foam  layer  is  undesirable  since  it  acts  as  a 
thermal  insulator,  reducing  the  heat  transfer  from  the  burner  flames  to  the  molten  glass 


bath.  The  reduced  heat  traiisfer  leads  to  a  higher  energy  consumption  and  an  increased 
wear  of  the  crown  as  a  result  of  higher  temperatures  in  the  combustion  chamber. 
Nowadays,  renewed  atlcniion  is  paid  to  the  foaming  problem  as  a  result  of  increasing 
energy  prices  in  comijinaiion  with  both  new  process  operations  and  technologies 

promoting  foaming.  •  •  t  ■  r 

From  industrial  observations  it  is  known  that  foaming  becomes  more  critical  in  tumaces 
using  cullet  with  high  levels  of  organic  contaminants  and  sometimes  foaming  becomes 
more  intense  after  chtinging  to  oxy-fuel  firing. 

From  samples  scooped  from  industrial  furnaces  producing  sulphate  relined  soda-lime 
glass  contain,  apart  from  .some  CO  and  CO2,  large  quantities  of  S02-gas,  indicating  that 
the  sulphate  chemist.- v  p!  ;ys  an  important  role  during  foaming. 

In  this  lecture  the  nature  .T  the  different  kinds  of  foam  in  glass  furnaces  will  be  explained 
and  the  effect  of  parameters  such  as  temperature,  batch  composition,  redox  of  cullet 
mixtures  and  Hie  furrsicc  atmosphere  on  foaming  and  foam  stability  will  be  discussed. 
Ways  to  avoid  or  at  ■  aasl  decrease  foaming  will  be  indicated. 


For  fluor,  the  dependence  of  fluor  emissions  on  the  fluorine  carrier  is  clearly 
shown  in  figure  4,  where  fluor  balances  are  shown  for  a  flint  glass  and  a  green  glass 
furnace.  In  the  flint  glass  furnace,  the  fluor  emission  is  about  6%  of  the  total  fluor 
input,  whereas  in  the  green  glass  furnace,  with  a  cullet  level  as  high  as  90%,^ the  fluor 
emission  level  amounts  to  1 1%  of  the  total  input.  Obviously,  cullet  looses  more  of 
its  fluor  than  other  fluor  carriers. 

3.  Energy  Conservation  Technologies 

During  the  last  decade  batch/cullet  preheat  technologies  [7,8],  oxy-fuel  firing  [9], 
the  increase  of  cullet  usage,  combustion  modifications,  improvements  in  regenerator 
efficiency  and  better  insulation  of  the  furnaces  have  led  to  remarkable  energy 

savings.  ■  •  ,  i  j 

Further  optimisation  of  batch/cullet  preheating  systems  will  certainly  lead  to  a 

wider  application  of  this  technique,  particularly  in  cases,  where  boosting  plays  a  role 
to  increase  furnace  load  and  in  combination  with  oxy-fuel  firing,  since  in  this  case 

savings  in  oxygen  add  up  to  the  savings  in  fuel. 

Oxy-fuel  glass  melting  technology  is  one  the  most  important  developments  in 
glass  technology  today,  especially  as  an  alternative  for  recuperative  fuinaces. 
Replacement  of  a  recuperative  furnace  by  an  all  oxy-fuel  fired  melter  will  reduce  the 

specific  primary  energy  consumption  by  25-35  %. 

Oxy-fuel  firing  may  create  unexpected  and  partly  unexplained  ettects,  though. 
The  combustion  chamber  of  an  oxy-fuel  fired  furnace  contains  relatively  high  water 
concentrations  (50-60%,  compared  to  12-18%  lor  air-gas  fired  furnaces)  and  because 
of  the  very  low  gas  volumes,  the  concentration  ot  volatilisation  products  is  high  in 
the  combustion  chamber. 

It  has  been  found  that  the  melt  in  an  oxy-fuel  furnace  contains  significantly  more 
water  than  in  a  gas-air  fired  furnace  under  identical  conditions.  Whether  this  is^ 
caused  by  increased  penetration  from  the  combustion  chamber  or  by  suppression  ot 
vaporisation  of  batch  water  is  not  clear  yet.  The  water,  however,  appears  to  partly 
replace  the  oxidising  sulphate  groups  in  the  melt.  This  affects  the  redox  conditions 
and  therefore  properties  that  depend  on  redox,  like  colour  stability,  fining  and  foam 
behaviour.  To  illustrate  this  point,  fig.  5  compares  the  oxygen  activity  in  amber 
container  glasses  molten  in  oxy-tuel  and  in  gas/air  tired  conditions. 

The  impact  of  the  high  water  concentrations  on  glass  melting  chemistry  and  on  the 
glass  melt  properties  and  the  consequences  of  the  high  alkali  concentration  in  the 
combustion  space  on  -for  instance-  refractory  corrosion  during  the  furnace  life  are 
not  well  understood  as  yet. 

Challenges  for  the  future  include  the  realisation  of  new  furnace  designs  that 
combine  energy  conservation  with  low  emissions  and  high  product  quality.  At  the 
moment  several  approaches  have  been  made  and  described  in  the  literature  [10]. 
Perhaps  a  bit  speculative  it  could  be  concluded  that  two  developments  seem  to  be  the 
most  promising,  especially  when  combined: 

-  better  separation  between  the  melting  and  fining  process,  going  into  the  directioi. 
of  plug  flow,  to  increase  the  minimum  residence  time  and  to  reduce  the  width  ot  the 
residence  time  distribution. 

-  better  heat  transfer  of  the  flue  gases  to  the  batch  in  the  furnace  by  directing  the 


flue  gases  in  counter  flow  over  the  batch  before  leaving  the  furnace.  This  is  an 
especially  useful  approach  for  oxy*fuel  fired  furnaces. 


Fig.  5  O.xygen  activity  in  an  amber  container  glass  melt  under  dirterent  turnacc 
conditions 

4.  Recycling 

Gullet  recycling  has  an  effect  on  tlue  gas  emission  as  well  as  energy  conservation 
[11,12].  Reason  enough  to  discuss  it  separately  and  in  more  detail  here. 

Recycled  cullet  has  become  the  most  imponant  raw  material  for  the  green  and 
amber  container  glass  manufacturer.  In  Western  Europe  about  50%  ot  the  container 
production  is  recycled.  In  some  countries  this  percentage  is  as  high  as  30%.  Today, 
cullet  levels  of  80%  are  not  unusual  for  green  and  amber  glass.  It  can  easily  be 
predicted  that  this  percentage  will  go  up  in  the  near  decade.  Cullet  significantly 
reduces  enemy  consumption,  for  melting  as  well  as  tor  the  production  ot  raw 
materials  (soda!)  and  also  reduces  the  emission  of  paniculates  and  SO2. 

There  are,  however,  some  technological  problems  to  be  solved,  mainly  because 
the  cullet  is  ’not  very  constant  in  quality.  The  glass  producer  has  continuously  to 
correct  the  cullet  rich  batch  composition  in  order  to  obtain  products  with  the  required 

colour  and  with  an  acceptable  seed  count. 

Contaminants  like  fragments  of  ceramics  ,  ferro-  and  non  ferro  metals,  non  soda 
lime  ulasses  and  organic  materials  generally  affect  the  product  quality, or  have 
undeslred  effects  on  the  melting  process  like;  foam  formation,  increased  volatilisation 
(lead,  fluor,  as  shown  in  fig.  4)  or  incomplete  f  ning.  Another  imponant  point  is  the 

variety  in  glass  colours  in  the  mi.xed  cullet. 

The  purification  of  cullet  and  ways  to  characterise  the  cullet  (contents  of  organic 
materials,  quantities  of  different  colours)  in  order  to  make  the  right  corrections  for 
obtaining  the  required  redox  state  and  colour  of  the  glass  are  very  imponant  issues  in 
the  container  glass  industrv  today.  Investigations  on  redox  behaviour  during  the 


melting  of  glass  and  the  chemistry  of  sulphates  in  the  melt  are  necessary  to  find  the 
relations  between  the  batch  composition,  glass  melting  process  (temperatures), 
furnace  atmosphere  on  one  hand  and  the  redox  state,  the  fining  efficiency  and  the 
glass  colour  on  the  other  hand. 

The  complexity  of  this  problem  is  illustrated  by  the  fact  that  the  oxygen  activity 
of  a  melt  produced  from  (mixed)  cullet  even  depends  on  the  "age"  of  the  cullet.  A 
few  months  cullet  storage  may  very  well  raise  the  oxygen  activity  of  the  melt,  by  two 
orders  of  magnitude  because  of  fermentation  of  organic  material  in  the  cullet  [1j]. 
Without  rapid  and  reliable  methods  to  characterise  the  redox  state  of  the  cullet 
mixtures,  including  organic  contamination,  the  glass  manufacturer  will  not  be  able  to 
increase  cullet  percentages  further  without  serious  problems  with  quality.  These 
methods,  however,  have  still  to  be  developed. 

5.  Glass  Quality 

The  improvement  of  the  glass  quality  has  always  been  one  of  the  major  concerns 
of  the  glass  producer.  The  competition  of  the  different  materials  in  the  packaging 
sector  is  the  driving  force  to  make  container  glass  even  more  reliable  and  to  develop 
high  quality  lightweight  products.  For  other  products  it  may  be  the  customer  who  sets 
the  standard,  mainly  by  comparison.  In  all  cases  it  is  clear  that  rejects  alfect  price  and 
energy  consumption. 

Optimisation,  control  and  better  understanding  of  the  melting  and  iorming 
processes  have  been  recognised  by  the  glass  industry  to  be  of  key  importance  in 
improving  quality  and  reducing  reject  numbers. 

Nowadays,  mathematical  modelling  has  become  a  standard  tool  tor  inajoi 
producers  of  float  glass,  T.V.  glass  and  fiberglass.  Also  for  container  glass  furnaces, 
glass  tank  modelling  proves  to  be  a  valuable  method  to  optimise  process  conditions. 

Mathematical  modelling  is  no  longer  just  a  way  to  visualise  the  flow  patterns  and 
provide  data  on  heat  transfer.  It  can  also  predict  glass  quality  in  relation  to  process 
parameters,  because  all  chemical  and  physical  phenomena  are  included  in  the  latest 
generation  of  models,  based  on  experimental  and  theoretical  research  of  these 
phenomena  [14]. 

Sub-models  have  been  developed  to  investigate,  by  mathematical  modelling,  the 
effect  of  bubbling,  electrical  boosting,  initial  sand  grain  size,  pull  rate  etc.  on  the 
melting  behaviour.  Obviously,  all  these  sub-models  are  linked  to  the  basic  glass  tank 
model.  Three  dimensional  glass  tank  modelling  in  conjunction  with  sub-models 
describing  melting  kinetics  or  behaviour  of  gases  and  gas  bubbles  in  a  melt  appears 
to  be  an  important  tool  for  the  optimisation  of  furnace  design  and  the  melting  process 
and  can  even  be  used  to  investigate  new  furnace  designs.  Figure  6  gives  an  example 
of  such  a  study,  where  an  attempt  is  made  to  separate  the  melting  and  fining 
processes. 

Further  extensions  of  these  models  will  fulfil  the  need  to  obtain  complete 
understanding  of  the  influence  of  adjustable  process  parameters  (like  pull  rate, 
bubbling,  boosting,  firing)  on  the  presence  of  stones,  knots  and  bubbles  in  the 
product,  and  also  on  homogeneity  and  colour. 

Further  developments  will  be  directed  towards  modelling  of  time-transient 
behaviour  and  integration  of  models  into  furnace  control  procedures.  Back  tracing 


techniques  for  cords,  seeds  and  stones  will  be  combined  with  statistical  methods  to 

improve  existing  procedures  for  defect-source  diagnosis. 

burners 


0.0  2.5  5.0  7.5  10.0  12.5  15.0  17 


Fig.  6  Simulated  melting  tank  with  attempt  to  seperate  subprocesses.  (Dark 

area  represents  high  temperature,  in  steps  ot  40  down  trom  1510  ^C). 


By  using  back  tracing  techniques,  the  origin  of  glass  defects,  like  bubbles  with  a 
certain  size  and  composition,  or  the  source  of  unmolten  material  found  in  products, 
may  be  discovered.  This  could  become  an  important  tool  for  furnace  operators  and 
trouble-shooters  to  identify  the  causes  for  process  calamities  and  to  localise  defect 

sources.  .... 

Glass  tank  modelling  in  combination  with  glass  quality  sub-modelling  is  still  in  a 

stage  of  development  Further  validation  of  the  obtained  results  and  accurate 
determination  of  relevant  molten  glass  propenies  like  radiation  transport  and  the 
behaviour  of  gases  in  glass,  are  essential  to  increase  reliability  and  applicability.  Ihe 
combination  of  glass  Tank  modelling  with  furnace  control  concepts  and  glass  defect 
analysis  are  future  challenges  for  R&D  in  glass  technology. 

6.  Concluding  Remarks 

Glass  manufacturing,  although  one  of  the  oldest  technologies  in  the  world,  is  not  a 
static  process.  Changes  occur  from  inside  the  glass  world  by  our  desire  to  improve 
the  material  and  its  products  and  also  due  to  forces  from  outside,  mainly  to  protect 
our  environment.  For  a  proper  response,  the  consequences  of  modifications  in  the 
class  production  process  should  be  understood  and  anticipated. 


BATCH  MELTING  KINETICS 


A.  Reactions  in  batch  blanket 

Fast  melting  components: 

soda,  limestone,  sulphate,  dolomite  primary 

melt 

Slow  melting  components,  dissolving  into  the 

primary  melt: 

sand,  nepheline,  feldspar 

At  1200  oC  60%  of  the  sand  dissolves  within 
30  minutes  into  the  primary  melt  of  the  batch 
blanket 


B.  (Partly)  undissoived  grains  go  into  the  glass 
melt  and  dissolve  later. 

This  process  is  governed  by: 

-  diffusion  rate  of  Si02  in  the  melt  (depends 
on  temperature) 

-  solubility  of  Si02  in  the  melt  (depends  on 
temperature) 

-  convection  currents  in  the  melt 


Alumina  dissolves  10-50  times  slower  into  the 
glass  melt  than  sand  grains! 


undissolved  sand  g/100  g  glass 


HOW  TO  INFLUENCE  THE  FLOW 
PATTERN? 


•  Temperature  profile  in  combustion  room  (crown 
temperatures)  — >  hot  spot 

•  Electrodes  in  melt  (boosting) 

.  bubbling 

•  batch  feeding,  position  and  shape  of  batch  blanket 

•  tank  design  (length /width /depth  of  glass  bath) 


•  dams,  raised  or  lowered  parts  of  furnace  bottom 

•  cooling  of  side  walls  (results  in  flow  in  width 
direction) 

Tn  he  optimised  w  ith  mathematical  modelling  of 
the  furnace. 


EFFECT  OF  REDOX  ON  FINING 


High  redox:  -  high  oxygen  pressure  in  the  melt 

^  -  high  Fe3+IFe2+  ratio 

-  high  sulphate  retention 

-  high  fining  temperature  needed 


low  redox:  -  low  oxygen  pressure 

-  much  Fe^'*' 

-  low  sulphate  retention 

-  low  fining  temperature  needed 


verv  low  redox: 


-  gives  amber  glass,  due  to 
Pe3+-S*-  complex  formation 


ROLE  OF  SULPHATE 


0 

0 


oxidiser  for  melt  -  higher  redox 

addition  of  organic  material.  suiphWe  or  cokes 
lowers  the  temperature  where  the  fining  o®*  - 
O’  and  SO2  are  formed  in  large  quantities. 


In  oxidized  melts  (  often  >  1350-1400  OC): 


S042-  — >  S02  (gas)  +  1/2  02  (gas)  +  02- 

Slightly  reducing  melts  (at  lower  temperatures). 

SO42-  +  1/2C  — >  S02  (gas)  +  1/2  C02  (gas)  +02 

Very  reducing  conditions: 

SO42-  +  c  -->  S2-  (gas)  +  C02  (gas) 

— >  amber  cords 

0  Sulfate  solubility  increases  at  increasing 
p02 

Sulphide  solubility  decrease  at  increasing 
p02 


o 


Refining  or  secondary  fining: 


Only  when  primary  fining  is  efficient 
enough  !!! 

Efficient  primary  fining: 

o  only  small  quantities  of  dissolved  gases 
remain  in  the  melt 

o  bubbles  >  1  mm  have  been  removed 


Bubbles  with  gases  shwing  a  Increasing 
solubility  in  the  melt  after  lowering  temperature 
can  now  be  resorbed: 

Example:  SO2,  O2  or  CO2  bubbles 

Nitrogen  dissolves  only  very  slowly. 


Fining  process  in  melting  tanks: 


Models: 

a.  Calculation  of  release  of  gases  in  melt 
by  fining/redox  reactions  --->  redox  model 

result:  vapor  pressures  and  gas 
concentrations  in  melt  at  every  position 


b.  Tracing  of  trajectory  of  single  bubbles 


c. 


Bubble  changes  by  "bubble  behaviour 


model":  „  .  .  .  , 

diffusion  of  gases  into/from  bubble 


depending  on: 
o  bubble  size 

o  bubble  composition 

o  local  gas  concentrations 


o  temperature 
o  convection 
bubble  growth  or  shrinkage 
ascension  velocity 


— >  change  in  bubble  size,  bubble  position 
bubble  composition 


51.  C02  and  N2  containing  seeds 
(Ar  in  seeds  --->  air  inciusions) 

52.  large  bubbles  containing:  SO2  and  gases 
diffusing  in  growing  bubble:  N2,  CO2 

or  Smokey  blisters* 

53.  C02-bubble  0.4  - 1  mm 

54.  SO2  containing  bubbles  (plus  N2) 
relatively  large:  >  0.5  mm 

very  reducing  conditions:  COS,  H2S,  S2 
or  Smokey  blisters* 

pure  N2  bubbles  without  Ar 

55.  CO2/N2  bubble 

56.  Larger  bubbles  >  1  mm  with: 

10-15%  CO2 

0-3  %  02 

1 0-20  %  H2O 

60-70  %  N2 

0.8  %  Ar 

57.  Original  02-Bubbles  may  change  into 
bubbles: 

20-50  %  N2 
5  -  30  %  CO2 
about  50  %  SO2 
no  Ar 


Critical  conditions: 


1  Short  cut  glass  current  in  melting  tank 

T  never  reaches  Tf  or  only  during  very  short 
time  —>  incomplete  primary  fining 

2.  High  temperatures  in  throat  and  rapid 
cooling  in  forehearths  and  feeders  ---> 
resorption  time  insufficient  (1350-1200  OC) 

3.  Mixing  of  giass  meit  from  bottom  and 
surface  in  throat  — >  reboil  !!! 


Nitrogen  bubbles  <  1  mm 
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Volatilisation  in  Glass  Furnaces 


1.  Introduction 

The  orlain  of  the  emissions  of  glass  furnaces  and  the  process  conditions  which  detem^ne  the 
emission  levels  for  particulates,  boron,  lead,  chlorides  and  fluorides  are  investigated  using 
literature  infornnation,  modelling  studies  and  measuremenle  in  the  glass  industry. 


The  origin  of  flue  gas  emissions  in  glass  furnaces  can  be: 

0  the  combustion  process  which  is  often  the  major  cause  of  the  NO  and  NOg 


0  the  batch  blanket  which  releases  volatile  components  like  selenium  compounds 
(SeOa).  HF,  HCI  and  at  reducing  conditions  also  SOa- 

0  ■  carry-over  of  fine  particles  from  the  batch  blanket;  ,  m  <^i 

0  volatilisation  from  the  glass  meit  surface,  like  the  release  of  NaOH,  Naol,  rou, 
NaB02.  KBO2.  HBO2.  SO2.  AS2O3  and  Sb203  vapors. 


NaOH  and  HBO2  are  products  from  a  reaction  of  water  vapor  In  the  furnace  atmosphere  end 
oxides  in  the  melt  (Na^O  and  B2O3). 


Most  Important  emissions  from  fossil  fuel  glass  furnaces  are  NOx  components  produced  m 
the  flames  or  originating  from  nitrate  raw  ryiateriais. 

Other  emissions  in  different  glass  proouction  processes: 


Soda-llme-sllica  glass  furnaces: 

0  Sodium  sulphates  particulates,  the  major  component  in  flue  gas  dust. 

D  Lead  oxide  mainly  as  particulates  in  furnaces  using  external  recycling  collet; 

0  Glass  batch  dust  from  carry  over; 

0  HCI  gas; 

0  HF  gas: 

0  SO2  and  SO3  gas: 

0  3602  gas  In  Hint  glass  furnaces. 

Below  250-300  the  sodium  sulphates  will  be  converted  into  sticky  and  corrosive  NaHS04 
or  Na2S207  in  SO3  rich  flue  gases. 


Lead  glass  (T.V.  glass  tubes,  crystal  ware): 
o  Lead  oxide  and  lead  sulfate  (in  oil  fired  furnaces); 

0  Potassium  caroonate  dust; 

o  Arsenic  oxides,  which  are  partly  gaseous  >  100  ®C; 

0  NaCl  and  KOI  particulates: 

0  HCI  gas. 


Borosillcate  glass  furnaces  (insulation  wool,  E-fiberglass):  o  r, 

0  Particulates  containing  sodium  meta-  and  tetraborates  (NaB02  and  Na2B4U7), 

o  Particulates  containing  potassium  borates  (E-glass); 

c  H3BO3,  sublimating  at  130-150  <^0  in  flue  gases  of  E-glass  furnaces; 
o  Particulates  containing  sodium  and  potassium  sullates; 

0  HF  gas  in  E-glass  furnaces; 

0  HCI  gas;  ,  otr 

0  Sip2  particulates,  originating  from  carry-over  of  fine  quartz  powder  or  from 

volatilisation; 

o  SO2  and  SO3  from  sulphate  fining. 


The  emission  levels  of  the  above  mentioned  components  depend  on: 
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input  of  the  different  chemical  components  (Cl,  F,  Na,  B,  S,  K,  Pb  etc.)  in  the  furnace, 

the  kind  of  raw  materials  which  carry  these  components; 

the  kind  of  contaminants  in  the  raw  materials; 

the  temperature  at  the  surface  of  the  glass  melt; 

the  composition  of  the  glass; 

the  composition  of  the  furnace  atmosphere; 

the  flue  gas  velocity  above  the  batch  blanket  and  the  glass  melt; 

the  humidity  of  the  batch. 

In  most  cases  the  volatilisation  processes  from  the  batch  blanket  and  the  glass  melt 
determine  the  omissions  of  particulates,  HCI,  HF,  selenium  compounds,  load  compounds 
and  boron  compounds.  ,  ^ 

Today,  volatilisation  models  can  be  applied  to  find  the  relations  between  process  conditions 

Partly^^SrtiorTd^emlssS  of  all  the  mentioned  components  can  be  achieved  by 
measures  like  the  choice  of  alternative  raw  materials,  modifications  in  the  process  conditions, 
changes  In  the  applied  fuels  or  changes  in  the  furnace  designs. 

2  -  Sources  of  particulate  emissions 


;  three  main  sources  for  the  emissions  of  particulates  can  be 


distinguished: 


Metal  impurities  in  the  fuel:  fuel  oils  contain  small  concentrations  of  vanadium,  so¬ 
dium  and  nickel  components.  The  maximum  particulate  formation  levels  from  tne.^ 

sources  are  about  5-10  mg/smn®. 

(1  smn®  =  standardized  to  conditions:  0  °C,  1  bar,  dry  gas  and  8  %  oxygon) 

Batch  carry-over,  the  raw  materials  containing  fractions  with  particle  sizes  below  20 
micrometer  can  be  sensitive  to  some  carryover.  Sampling  studies  [1-5]  and  the  one- 
mical  analysis  of  almost  sub-micron  sized  [6,7],  only  sulfur  and  sodium  rich  dusts 
from  soda-lime  glass  furnaces  leads  to  the  conclusion  that  carry-over  In  these  mo¬ 
dern  furnaces  contribute  to  not  more  than  5  till  15  %  of  the  total  particulate  emis¬ 
sions. 

Volatilisation:  different  vaporisation  processes  can  be  distinguished: 

Volatilisation  of  pure  components  from  the  surface  of  the  batch  blanket,  like  sand, 
feldspars,  lime  and  soda.  Vapor  pressures  of  these  components  are  very  low  at 
lamperaturea  up  to  1200  ^0.  Above  1000  the  eingle  oof^P^nente  already  have 
been  reacted  to  form  silicates  and  therefore,  the  vapor  pressures  ot  batch  oompo 

nents  above  the  reacting  batch  blankets,  will  be  relatively  low;  ^ 

Reactive  volatilisation  by  chemical  reactions  at  the  batch  blanket  sunace  with  com¬ 
ponents  In  the  furnace  atmosphere.  Thermodynamics  and  literature  data  [8-13] 
show  that  the  water  vapor  in  the  combuslion  chamber  may  be  impiortant  lor  the 
reaction  of  soda  to  form  sodium  hydroxide  vapors: 

Na2C03  (batch  blanket)  -i-  H2O  — ->  2  NaOH  (vapor)  +  OO2  (2.1] 

Similar  reactions  (formation  of  KOH)  take  place  for  potassium  carbonates. 

Figure  1  shows  the  influence  of  the. temperature  at  the  surface  of  the  1^® 

on  the  equilibrium  vapor  pressure  of  NaOH,  in  a  furnace  atmosphere  with  20  (in  the 
case  of  gas/alr  firing  )  and  60  vol,-%  water  (the  oxy-tuel  tired  case).  - 

The  reactive  volatilisation  process  will  be  Important  at  parts  of  the  batch  blankets, 
which  have  surface  temperatures  high  enough:  >  900  ®C,  to  obtain  sodium  l^droxlde 
vapor  pressures  above  10  Pascal,  but  also  having  ternperatures  lower  than 
matlon  temperatures  of  sodium  silicates  or  sodium-calcium  silicates.  Above  900-1000 
®C,  the  main  part  of  the  soda  probably  will  have  reacted  with  the  other  raw  materials. 
Then  the  chemical  activity  of  the  sodium  components  in  these  melts  will  drop,  lea¬ 
ding  to  very  moderate  NaOH  vapor  pressures. 
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c.  Volatilisation  of  sodium  compounds  in  gas  bubbles  during  the  fining  process.  A  batan- 
ce  on  the  bubble  evolution  from  glass  melts  shows  the  minor  Importance  of  this  sour¬ 
ce  In  the  total  release  of  sodium  components  from  the  melt. 

d.  Volatilisation  of  NaCI  as  an  impurity  In  synthetic  soda.  This  sail  has  a  relatively  high 
vapor  pressure  above  800  and  leads  to  some  NaCI  vapors  at  higher  temperatu¬ 
res,  Nowadays  chloride  concentrations  in  the  batch  components  have  been  reduced 
considerably  and  NaCI  volatilisation  hardly  contributes  to  the  total  sodium  volatili¬ 
sation  in  the  furnace.  Less  than  10  %  of  the  sodium  may  come  from  this  volatilisation 
process. 

NaCI  volatilisation  from  the  batch: 

NaCI  (soda)  — NaCI  (gas)  [2.2] 

In  cooling  SOg  containing  flue  gases  below  1 100  : 

2  NaCI  (gas) -r  802  +H2O  +I/2O2  Na2S04  (cond.)  +  HCI  (gas)  [2.3] 

Thus,  this  process  gives  extra  particulates  (Na2S04)  as  well  as  HCI  (gas)  emissions. 

e.  Volatilisation  of  sodium  sulfate  from  the  surface  of  the  molten  glass. 

Although  the  vapor  pressures  of  Na2S04  are  rather  low,  volatilisation  may  take  place 
because  the  chemical  activity  coefficient  for  sodium  sulfate  in  molten  glass  can  be 
relatively  high. 

1.  Reactive  volatilisation  from  tho  glass  surface.  The  sodium  oxide  in  the  silicate  melt 
reacts  at  the  surface  with  water  vapor: 

NaaO  (silicate  melt)  +  H2O  — >  2  NaOH  (vapor)  [2.4] 

Although,  the  activity  coefficients  [14,15]  of  sodium  oxides  In  molten  silicates  are  very 
low:  10’®  this  reaction  will  be  Important  above  1200*1300  ^c.  The  vapor  equili* 
brium  pressures  of  sodium  sulfate,  sodium  or  sodium  oxides  are  at  least  one  order  of 
magnitude  lower  than  sodium  hydroxyde  pressures  in  water  vapor  containing  furnace 
atmospheres.  In  figure  1,  the  influence  of  glass  surface  temperature  and  water  vapor 
pressure  in  the  atmosphere  has  been  given  for  sodium  hydroxide  vapor  pressures 
In  equilibrium  with  a  soda-lime  glass  melt  with  12  welght-%  Na20  (attention,  the  sca¬ 
ling  of  the  vapor  pressures  is  logaritmic).  At  reducing  conditions,  sodium  (as  Na)  va¬ 
porisation  by  reduction  of  Na20  might  take  place.  The  volatf-lisatlon  of  NaOH  by 
reaotlon  2.4  is  probably  iha  mninr  Bt^urce  of  partlouiale  emissions  In  soda  lime  glass 
lurnQOGs 

Sodium  sulfate  at  the  glass  melt  surface  might  volatilise  forming  sodium  sulfate  va¬ 
pors.  But  these  vapors  are  thermodynamically  very  unstable  above  1 300  ®C.  More 
likely  is  the  reaction: 

Na2S04  (melt)  +  H2O  (vapor)  — >  2  NaOH  +  SO2  +  1/2  O2  [2.5] 

This  reaction  might  become  important  at  SO3  concentrations  in  the  molt  >-  0.2  vvt'%. 
g.  In  case  of  recycling  ol  exlernal  waste  glass,  emissions  of  lead  components  (PbO, 
PbCOs  or  PbS04)  might  take  place  because  of  lead  glass  and  metallic  lead  conta¬ 
minants  in  the  applied  external  cutlet.  Especially,  the  lead  glass  will  cause  emissions 
of  lead  components  up  to  16  mg/smn®,  due  to  PbO  volallllsallon  from  the  moll.  At 
local  reducing  conditions  pure  lead  may  vaporise  directly  from  the  melt,  tor  Instance 
for  amber  glass  melting.  Reducing  conditions,  for  instance  in  locally  reducing  atmos¬ 
pheres,  promote  the  lead  volatilisation  and  particulate  lead  emissions. 


V 
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3.  Observations  during  Industrial  soda-lime  glass  melting 
ftorifl  lime  glass  furnaces 

From  dust  analysis  data  for  float  and  container  glass  furnaces,  we  may  indeed  conclude  that 
sodium  Is  the  major  component  leading  to  dust  formation  in  flue  gases  (by  condensation) 

In^ve^sulfuT lean  flue  gases,  sodium  chloride,  sodium  fluoride  or  sodium  carbonate  particles 
can  be  formed  during  the  cooling  of  the  flue  gases  below  900  cc.  But  these  situations  are 
rare,  sometimes,  for  instance  in  the  case  of  antimony,  instead  of  sulfate  J  .f.jJ 
using  natural  gas  firing,  these  non-sulfate  components  are  more  Important  In  the  composition 

Fo?moStife?oda-lime  glasses,  sodium  sulfate  as  a  fining  agent  is  used.  The 
of  this- sodium  sulfate  In  the  molten  glass  leads  to  sulfur  oxide 

much  higher  than  the  sodium  component  concentrations  In  the  combustion  chamber  and  n 
the  flue  gases.  During  the  co'-:!  g  process  of  the  flue  gases,  the  sulfur  oxides  >^080  with 
almost  aH  the  sodium  compor  n  j.  mainly  sodium  hydroxide  [16],  obtaining  sodium  scifato 
condensation  below  1100  cc.  ’  .Is  leads  to  the  well  known  deposition  ‘j 

regenerators,  recuperators  or  heat  exchangers  or  formation  of  subrnlcron  droplets.  Below  884 

cc  these  droplets  crystallize  and  generate  sodium  sulfate  oas 

schematically  the  volatilisation  mechanism  and  the  condensation 

dust  from  soda-lime  glass  furnaces  contains  particulates  In  the  t^nge  Of  0.02  til  0,5 
micrometer  [6].  X-ray  diffraction  proofs  that  Na2S04,  forms  80-90  /o  of  the  dust.  .... 
The  volatilisation  depends  on  furnace  temperature.  Figure  3  shows  measured  particu  ate 
emission  levels  as  a  function  of  the  maximum  crown  temperature  "i  industrial  gas  fired 
soda  lime  glass  furnace.  Practical  observations  and  measurements  show  the  Increased  levels 
o1  particulate  emissions  at  reducing  combustion  conditions  in  the  furnace  atmosphere, 
enhancing  pure  lead  and  sodium  volatilisation. 

Borosilioate  glass  furnaces 

In  horoslUcate  glass  furnaces...  the  particulates  contain  the  relatively 
sodium,  potassium  and  boron  oxides.  Similar  to  soda-hme  glass  ^^''^aces.  the  volatMIsallon 
from  the  molten  glass  or  from  the  batch  blanket  probably  cari  L 

sourc  i  lor  emissions  of  sodium  borate,  potassium  borate,  potassium  suHale  (In  oil  tired 
furnaces  or  during  melting  of  sulfate  containing  glasses)  and  boric  ^c*d  particulates. 

Boron  volatilisation  from  the  batch  blanket  can  be  reduced  by  using 

borates  Instead  of  boron  oxides  or  boric  acid.  For  insulation  wool,  borax  will  be  the  m 

boron  supplier,  for  E-glass  colemaniie  (a  calcium  borate)  can  be  used. 

Carry-over  of  borates  can  be  important  lor  very  fine  raw  materials, 

and  the  analysis  ot  the  particulates  (which  are  mainly  sub-micron  'J® 

volatile  boron  species  in  the  flue  gases  indicate  that  entrainment  of  tine  particulates  will  be 

less  (mportanl  than  the  volatilisation  of  boron  components. 

The  next  reactions  are  Involved  In  the  vaporisation  from  batch  blankets,  containing  borax. 


Na2B407 

Na2B407 

Na2B407 


H2O 


— > 


— > 


— > 


2  NaBOa  (gas)  +  B2O3 


NQ2B4O7  (gas) 
2HB02 


[2.6] 

[2.7] 


(gas)  -t- 2  NaB02  (gas)  [2.8] 


The  formation  of  sodium  hydroxyde  is  of  minor  importance  according  to  Fernandes  and  Cable 
[17,16],  reactions  similar  to  reaction  equation  2.8  govern  the  volatilisation  from  borax. 

At  IODO  ®C,  the  vapor  pressures  of  NaB02  and  Na2B407  have  been  calculated 
thermodynamic  data  given  In  reference  [16],  the  equilibrium  pressures  of 
borates  are  in  the  range  of  20-40  Pascal  (0.0002  till  0.0004  bar  or  200-400  volume-ppm).  The 
vapor  pressures  of  boric  acids  and  sodium  hydroxide  In  equilibrium  with  borax  and  In  a  wet 
furnace  atmosphere  with  15  vol.-%  water  are  much  lower  at  1000  ^0:  about  5-10  Pascal. 


8/13 
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Volatilisation 


A1  temperatures  above  1000  reactions  between  the  sand  grains,  borax  and  other  raw 
materia)  components  tal<e  place  and  the  chemical  activity  of  the  borax  drops  but  the  much 
higher  temperatures  still  increase  the  volatility  of  boron  species. 

The  calculated  equilibrium  vapor  pressures  above  sodium  boroslllcate  melts  at  1500  are 
In  the  range  of  about  500-3000  Pascal  for  NaB02  and  200  till  600  Pascal  for  HBO2  (in  an 
atmosphere  with  15  voi.-%  water  vapor).  This  means  that  volatilisation  of  boron  and  sodium 
species  from  borax  during  the  melting  of  the  batch  blanket  will  be  neglectable,  compared  to 
the  volatilisation  process  from  the  molten  glass  at  higher  temperature  levels. 

For  calcium  borate  raw  materials  the  batch  blanket  volatilisation  reaction  can  be  described 
by; 

2  CaO.SBgOa  +  H20  — >  2  CaB204  +  2  HBO2  (gas)  [2.9] 

Frischat  and  Herr  [19]  measured  up  to  1200  the  volatilisation  from  colemanite  (2  CaO.  3 
B2O3  5H2O)  In  wet  atmospheres.  At  1000  ‘^C,  colemanite  appeared  to  give  less  volatile 
losses  than  ulexito  {Na20.  2CaO.  6B2O3  .16  H2O)  or  tin  calconlte  (a  borax  component: 
N&2C>'  2  B2O3 . 5  H2O),  Volatilisation  losses  from  borax  at  15  vol.-%  water  containing 
atmospheres  and  1000  are  about  twice  the  tosses  trom  colemanite  under  the  same 
conditions. 

In  dry  atmospheres,  for  temperatures  not  exceeding  1100  ®C,  volatilisation  losses  from 
borax,  colemanite  or  ulexite  are  very  low. 

Frischat  assumed  the  volatilisation  of  mainly  sodium  metaborates  or  boric  acid.  The  appea¬ 
rance  of  volatile  calcium  borate  compounds  la  neglectable.  .u 

From  practical  observations,  measured  volatilisation  rates  and  literature  data  [17-26]  ,  the 
next  conclusions  can  be  drawn: 

a.  A  depletion  of  boron  at  the  surface  layers  will  occur  in  stagnant  boroslllcate  mQ:is  af¬ 
ter  a  few  hours.  The  depletion  rate  increases  with  the  water  vapor  pressure  and  vis¬ 
cosity.  The  depletion  at  high  humidities  may  lead  to  a  very  tow  volatilisation  rale  of 
the  borates  from  the  melt  after  several  hours  [8].  Depletion  Is  of  minor  Importance  in: 
dry  atmospheres,  at  higher  convection  currents  at  the  surface  or  within  short  time 

b.  KBO2  and  NaB02  are  the  most  important  volatile  components  during  alkali-boro- 
sillcate  melting.  Alkali  borates  and  boric  acid  are  the  major  volatiles  from  E-glass 
melts.  According  to  Oldfield  and  Wright  [20],  Na2B407  may  be  an  Important  vola¬ 
tilisation  product  if  the  molar  ratio  of  B2O3:  NagO  In  the  melt  exceeds  the  value  of  2. 

c  At  temperatures  above  1 200  ^C,  sodium  metaborate  or  potassium  metaborate  and 
metaboric  acid  (HBO2)  ere  the  most  important  boron  containing  components  In  the 
flue  gases.  H3BO3  becomes  important  below  1O00  by  reaction  of  HBO2  and 
H2O.  During  cooling  all  kind  of  borates  can  be  formed  like:  K20. 2B2O3  .  K2O. 
3B2O3,  K20.4B2O3,  K20. 5B2O3  or  sodlum  borates.  These  borates  form  parti¬ 
culates  below  600  *^0.  Condensation  might  take  place  at  very  low  flue  gas  tempera¬ 
tures  (for  Instance  H3BO3  condensation  below  150  ^C)  or  hydration  of  the  borate 
dust  might  occur  (this  will  Increase  the  total  weight  of  the  dust). 

d.  Potassium  oxides  and  sodium  oxides  in  the  melt  In  combination  with  boron  oxide  will 
have  comparable  and  relatively  high  volatilisation  levels. 

e.  The  activity  coefficient  of  B2O3  In  the  molten  borosilicate  glasses  is  much  higher  than 
the  alkali  oxide  activity  coetficlents.  This  leads  to  very  high  volatilisation  rates  ot 
boron  species  from  boroslllcate  melts  compared  to  soda-lime-silioa  melts. 

f.  in  boroslllcate  melts  containing  >  5  wt-%  alkali  oxides.  alkatl  metaborale  volatilisation 
appears  to  be  much  more  important  than  metaboric  acid  (HBO2)  and  alkaly  hydro¬ 
xide  formation  .  The  particulates  in  the  flue  gases,  will  exist  mainly  of  sodium  borates. 
The  water  concentration  In  the  furnace  atmosphere  Is  of  minor  Importance  for  the  so¬ 
dium  and  boron  volatilisation  In  these  cases  (>  6  %  alkali-oxides  In  the  borosilicate 
melt),  according  to  Conradt  [8]  and  Wenzel  [12].  This  probably  will  be  the  situation  for 
C-glass  melting  (insulation  fiberglass),  the  higher  water  concentrations  In  the  furnace 
atmosphere  during  (or  Instance  oxy-fuel  firing  hardly  contributes  to  the  boron  losses 
tor  this  glass. 
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Oxy-fuel  combustion  with  much  lower  velocities  above  the  melt  compared  lo  con¬ 
ventional  fired  furnaces,  will  probably  lead  lo  much  lower  specific  particulate  emis¬ 
sions  levels  (given  In  emissions  per  ton  of  molten  glass)  In  insulation  glass  wool  fur¬ 
naces.  •  ,  . 

g.  Metaborlc  add  Is  the  major  component,  volatilizing  from  E-glass  melts  with  very  low 
alkali  oxide  concentrations  (<  1  mol-%).  Volatilization  of  this  component  is  dependent 
on  the  water  vapor  pressure  In  the  furnace  atmosphere. 

h.  The  most  Important  emissions  from  E-glass  furnaces  are:  potassium  borates,  boric 
acid,  some  potassium/sodium  sulfates  (in  oil  fired  furnaces  or  using  sulfates  as  fining 
agents)  arid  HF. 

For  insulation  wool,  borosilicate  glass  furnaces,  the  particulates  contain  mr'nly  so¬ 
dium  borates. 

Lead  glass  furnaces 

In  lead  glass  furnaces  also  volatilisation  from  the  molten  glass  appears  to  be  the  major  cau¬ 
se  of  the  paniculate  emissions.  Typical  dust  compositions  for  these  furnaces  are:  60-70  % 
PbO,  10-20  %  K2O,  some  arsenic  compounds,  some  Na20  (probably  as  NaCI  or  Na2C03) . 
The  lead  volatilises  [21J  from  the  melt  as  lead  oxide  (PbO)  or  Pb(OH)2.  Some  NaOH  and 
especially  KOH  will  also  vaporize  from  Ihe'alkali  containing  lead  glass  melts.  At  local  reducing 
conditions  pure  Pb-vapors  might  be  released  from  the  melt. 


Modelling  of  volatilisation  and  particulate  formation 

Models  have  been  proposed  [8,1 3j  and  used  [28]  to  predict  the  effect  of  glass  composlllon, 
gas  velocity  above  the  melt,  glass  melt  surface  temperature  and  furnace  atmosphere 
composition  on  volatilisation  rates  and  expected  particulate  emission  lovols.  Other  models 
have  also  been  developed  to  calculate  condensation  rates  and  deposition  rates  In  flue  gas 
systems,  regenerators  and  recuperators  [16], 

Figure  4  shows  as  an  example  results  of  modelling  studies  for  soda-lime  glass  melts, 

4  Conclusions  and  recommondatlons 

Knowledge  about  the  sources  of  emissions  in  glass  furnaces  is  requested  in  order  to  find  to 
most  efficient  primary  measured  tor  reducing  the  release  of  particulates,  SOx,  HCI,  HF , 
selenium  components,  heavy  metals  and  NOx  Into  the  environment. 

Today,  the  origin  ot  particulate  emissions  from  soda-lime  glass,  borosilicate  and  lead  glass 
furnaces  are  well  understood.  , 

Volatilisation  from  the  batch  blanket  and  melt  is  the  most  important  process  loading  lo 
particulate,  boron,  HCI,  HF  en  selenium  emissions.  The  choice  of  the  raw  materials 
determines  the  HCI  and  HF  emissions.  Different  process  conditions,  the  combustion  process 
and  temperature  of  the  glass  melt  surface  or  gas  velocities  above  the  melt  have  an  impact  on 
volatilisation  rate  and  patticulale  emission  levels. 

Volatilisation  models  have  been  applied  to  obtain  a  quantitative  understanding  on  the  effect  o! 
s..  glass  melt  surface  temperature,  glass  composition,  stirring,  gas  velocity  above  the  melt  and 
furnace  atmosphere  on  emission  levels. 
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■2  Volatilisation  mechanism  for  sodium  from  soda  lime  glass  metis  and  conden 
reactions  during  cooling 
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Crown  temperature  In^C 


Effect  of  Increase  in  crown  temperature  (reflecting  increase  inglass  melt  temperature) 
on  particulate  emissions  of  a  recuperative  soda-lime  silica  glass  furnace  (existing 
Industrial  case) 


1100  1200  1300  1400  1500  1600  1700 

glass  melt  surface  temperature  ln**C 


4.  Results  of  a  modelling  study  on  the  effect  of  gas  velocity  and  glass  molt  temperature 
on  particulate  emissions  due  to  NaOH  volatilisation  from  soda-llms  glass  melts  [28] 
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INTRODUCTION  TO  GLASS  SURFACES 

This  lecture  will  describe  the  important  physical  and  chemical 
characteristics  of  multicomponent  silicate  glass  surfaces. 
Subsequently,  the  way  these  characteristics  influence  the  optical, 
mechanical,  chemical  and  electrical  properties  of  glass  will  be 
summarized.  An  emphasis  will  be  placed  upon  the  important  role  the 
surface  plays  in  controlling  the  mechanical  strength  of  glass.  'Ihe 
concepts  of  fracture  mechanics,  flaw  sensitivity,  and  crack-growth 

will  be  introduced. 
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CHARACTERIZATION  OF  GLASS  SURFACES 

The  emphasis  in  this  lecture  will  be  placed  on  methods  for 
surface  compositional  analysis  and  in-depth  profiling  of  glass;  for 
example,  x-ray  photoelectron  spectroscopy  (XPS),  secondary  ion 
mass  spectroscopy  (SIMS),  Fourier  transform  infrared  spectroscopy 
(FTIR),  and  electron  microprobe  analysis  (EMPA).  Selected  methods 
for  characterizing  the  physical  morphology  of  glass  surfaces-for 
example,  electron  microscopy  (SEM)  and  atomic  force  microscopy 
(AFM)-will  be  included.  Finally,  the  most  common  methods  for 
studying  the  strength  behavior  of  glass  will  be  reviewed. 
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SURFACE  CHEMISTRY  OF  GLASS 

The  surface  chemistry  of  silicate  glasses  is  dominated  by  the 
behavior  of  water.  The  fundamental  aspects  of  this  interaction  will 
be  described  for  silica  glass,  and  then  these  concepts  will  be  extended 
to  include  the  behavior  of  more  complex  multicomponent  glasses. 
This  will  lead  naturally  into  a  discussion  of  leaching,  weathering  and 
corrosion.  These  phenomena  are  of  practical  relevance  to 
commercial  glass  manufacture  and  applications.  Finally,  the  unique 
behavior  of  hydrofluoric  acid,  and  the  role  of  surface  chemistry  in 
glass  polishing,  will  be  described. 


Glass  Surfaces  4 


MANUFACTURING  EFFECTS  ON  GLASS  SURFACES 


The  primary  goal  of  this  lecture  will  be  to  familial  ize  the 
participants  with  the  important  physical  and  chemical  characteristics 
of  float  glass,  container  glass  and  fiberglass  surfaces.  1  his  lecture 
will  also  serve  to  summarize  this  series  of  lectures  by  exemplifying 
the  use  of  various  characterization  methods  to  understand  the 
relationship  between  surface  chemistry,  manufacturing  processes  and 
the  performance  of  the  fabricated  glass  object. 
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•In  practice,  the  glass  surface  is  defined  by  the  region  that 
INFLUENCES  the  property  or  function  of  interest. 

Adhesion— >molecular  dimensionsCO.  1-1.0  nm) 
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Fijure  1.  Reflections  of  incident  beam  for  in  optically  thick 
(case  1)  and  optically  thin  (case  2)  modified  surface  layer  (SL  with 
thickness  if  and  constants  rif.  kf)  on  unmodified  bulk  glass  (BG 
with  nj.  kj).  dp  -  penetration  depth  for  the  two  cases.  For  thick 
Elm:  measured  refleaance  /j;  for  thin  Elm:  R  “  /|  +  /;  + 
other  terms. 
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Figure  2.  Spectral  behavior  of  the  penetration  depth,  d^.  computed 
between  1250  und  900  cm**  according  to  equation  (3)  for  bulk  SiO; 
gliM  (IS)  (curve  1)  and  soda-lime  glass  [20]  (curve  2). 
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XPS  X-Ray  Photoelectron  Spectroscopy 

AES  Auger  Electron  Spectroscopy 

ISS  Ion-Scattering  Spectroscopy 

SIMS  Secondary  Ion  Mass  Spectroscopy 

SIPS  Sputter  Induced  Photon  Spectroscopy 
SNMS  Secondary  Neutral  Mass  Spectroscopy 
RBS  Rutherford  Backscattering  Spectroscopy 
ERD  Elastic  Recoil  Detection 

NR  A  Nuclear  Reaction  Analysis 


SSIMS  Static-SIMS 


surface  composition 


CHARACTERIZATION  OF  GLASS  SURFACES 


1.  General  objectives  of  glass  surface  characterization 

2,  Methods  for  surface  compositional  analysis  and  depth-profiling 
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3.  Other  methods  for  glass  surface  analysis 
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■MANUFACTURING  EFFECTS  ON  GLASS  SURFACES 


1.  Float  Glass 

tin  penetration 
tin  bloom 

corrosion  and  weathering 
(strength) 

2.  Fiber  Glass 

water  adsorptivity 

solubility 

silane  adsorption 

3.  Container  Glass 

strength 

external  coatings 
internal  surface  treatments 

4.  (Sol/Gel  Surface  Chemistry) 
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the  strength  and  surface  reactivity  of  glass  fibers  is 
established  at  the  molecular  and  intermediate  -  range 
level 

-  chemical  ordering;  CaO,  CaAl204,  CaB204,  [(A!,Si)04] 

-  microheterogeneity 

-  dissolved  gases 

-  bulk  and  surface  water  ^ 

-  surface  structure;  relaxation  and  hydration 


-  and  influenced  by 

-  melting  history 

-  forming  rate 

-  forming  atmosphere 

-  coatings 


•  6%  B2O3  fibers  adsorb  significantly  more  water- 
vapor  than  0%  B2O3  fibers. 


WATER-VAPOR  ADSORPTION  ISOTHERMS 


SUMMARY 


Boron-oxide  enhances  the  adsorption  of 
aminosilane 


The  silane  adsorption  is  multilayer  at  long 
aging  times 


The  silane  treated  fibers  adsorb  more  water 
vapor  than  the  untreated  fiber 


This  water  adsorption  capacity  is  enhanced 
by  B2O3 


Soluble  constituents  of  the  glass  influence 
the  condensation  of  silane 


CovaJL€VvSct,\»,>. 


Fig;  2 — Strength  of  glass  containers  after  abrasion  by  various  materials. 


Onatings  »P  Glass  Containers 

>■  In  almost  every  instance,  two  coatings  are  currently 
applied  to  bottles.  The  first  is  the  "hot-end"  coating 
(typically  SnOj)  for  strengthening,  and  the  second  is 
the  "cold-end"  coating  (poly(ethylene)  emulsions, 
oleic  acid)  to  protect  and  lubricate  the  bottles. 
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Fig.  3.  Glass  container  strengthening  line. 


CONCLUSIONS 


f  •  dehydrated  surfaces  show  only  isolated  Si-OH  and  B-OH 

•  Si-OH  is  more  effectively  isolated  on  E-gel  than  silica  gel 

•  water  adsorption  is  faster  and  more  tenacious  on  the  E-gel 

•  the  unsaturated  Lewis  acid  sites  (Aim  and  Bin)  and 
oxygen's  associated  with  Ca++,  may  account  for  this 

•  silane  adsorption,  and  hydrolysis,  occurs  preferentially  at 
B-OH 


»  The  surface  composition  and  chemistry  of  glass 
is  not  a  constant  nor  does  it  equal  the  bulk 

®  The  effects  of  high  temperature  manufacturing 
processes  may  be  characterized  and  controlled 
within  limits 


•  Nevertheless,  surface  chemistry  can  vary 
continuously  during  subsequent  exposure  to 
humid  atmosphere 

«  Cleaning  seldom  reproduces  a  standard  surface 
condition 

•  Chemical  processing  of  glass  surfaces  can,  in 
principle,  create  reproducible  conditions 


There  are  still  “characteristics”  of  glass 
surfaces  that  influence  weathering,  corrosion 
adhesion  and  strength  that  are  “invisible”  to 
the  currently  available  methods  of  analysis. 
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A  general  view  for  the  NRC  ,  Dokki,  Cairo, Egypt 
An  announcement  for  the  workshop  is  hanged  on  the  main  gate. 


Meeting  of  Prof.  Dr.  Nabiel  Saleh  , 
president  of  NRC, 

with  the  distinguish  lecturers  on  23.9.1996. 


Announcement  for  Journalist 


The  First  Workshop  in  The  Technology  Transfer  Program  on: 

Frontiers  of  Advanced  Materials  and  Technology 

under  the  supervisson  of 
Prof.  Dr.  Nabiel.  A.  Saleh, 

HONORARY  CHAmMAN. 

President  of 

the  National  Research  Centre, 

Cairo  -  Egypt 

in  cooperation  with: 

United  State  Air  Force  -  European  Office  of  Aerospace  Research  and 
Development,  London  -  UK 


at 

The  conference  Hall  -  The  National  Research  Centre 
,  Dokki,  Cairo,  EGYPT 

on 

23  -  26,  September,  1996 

The  workshop  is  Organized  by: 

Osama  H.  El-Bayomi,  U  S.  Air  Force  -  BOARD,  London,  UK. 

Morsi  M.  Morsi,  Prof  of  Glass  Science  and  Technology,  NRC,  Egypt. 

Topics  : 

Bioactive  Medical  and  Dental  Materials  :1)  Clinical  needs  and  types  of  biomedical  materials. 

2)  Tissues  and  their  reaction  to  implants.3)  Principles  of  bioactive  bonding  .4) 
Medical  and  dental  application  of  bioactive  implants. 

Sol  Gel  Optics  Technology:!)  Principles  of  sol-gel  processing  .  2)  Gel  silica  optics,  micro¬ 
optics  and  surface  diffractive  ptics.3)  Porous  gel  silica  matrices  for  hybrid 
optics.  4)  Concepts  of  commercial  principles  of  technology  transfer  and  entreneurship. 
Infra-red  Transmitting  glasses:!)  glass  forming  systems.  2)  Optical  properties  of  IR  glasses 

3)  IR  glass  optical  fibers.4)  Rare-  earth  doped  glasses(optical  amplifier,  fiber 
laser). 5)  IR  glasses  for  integrated  optics. 

Fundamentals  of  Industrial  glass  melting:!)  Introduction  into  Modem  Glass  Manufacturing. 

2)  Batch  Melting,  3)  The  fining  process.  4)  Volatilization  and  dust  formation  m 
glass  furnaces. 5)  Foam  formation  during  glass  melting. 

Glass  Surfaces:!)  Introduction.  2)  Characterization  of  glass  surfaces.  3)  Surface  Chemistry. 

4)  Manufacturing  effects  on  glass  surfaces. 


The  First  Workshop  in  The  Technology  Transfer  Program  on: 

Frontiers  of  Advanced  Materials  and  Technology 

23  -  26,  September,  1996 


Summary 

This  workshop  will  discuss  five  topics  given  by  distinguish  guests  from 
England,  France,  and  USA.The  topics  are  useful  in  the  fields  of  dental  implants, 
surgery,  glass  industry,  optics  and  chemical  industry. 

The  sol-gel  method  will  be  presented  and  its  utilization  in  preparation  of  optics 
will  be  given  as  an  example. 

Attention  will  be  given  to  biomaterials,  which  are  the  most  important  synthetic 
materials  for  reconstruction  of  the  body. 

As  examples  for  the  utilization's  of  the  bioactive  materials,  certain  compositions 
of  glasses,  ceramics,  glass  ceramics  and  composites  have  been  shown  to  bond  to 
bone,  fill  the  gaps  between  bone  and  living  tissue  or  to  coat  inert  implants,  or  to 
replace  missing  bone  which  become  infected  or  concerous  or  even  for  radiation 
treatment  where  they  are  injected  and  the  blood  stream  carries  them  to  kill  the 
cancer  cells  without  serious  side-effects. 

The  present  workshop  will  discuss  also  the  IR.  transmitting  glasses  which  have 
potential  applications  in  night  -vision  systems,  telecommunication  links  and 
temperature  sensors. 

Modern  technology  in  industrial  glass  melting,  and  the  relation  between  the 
material  properties  and  the  melting  process  will  be  presented. 

The  role  played  by  the  glass  surfaces  in  determining  of  its  chemical  &  physical 
properties  will  be  discussed. 

In  short  ,  the  present  workshop  will  through  light  on  advanced  glassy  materials 
and  the  technology  of  its  preparation  as  a  first  step  to  enhance  its  introduction  to 
the  Egyptian  market.  On  the  other  hand,  the  workshop  will,  also ,  discuss  the 
technology  of  improving  product  quality  and  product  performance  to  fulfill  the 
international  standards. 

The  objectives  of  the  NRC  Technology  Transfer  Program  are  to: 

1- Through  light  on  the  technologies  and  materials  that  could  be  new  subjects  for 
manufactures  who  wishes  to  generate  productive  new  business. 

2-  Through  light  on  new  areas  for  research  and  development. 

3-  Through  light  on  latest  developments  in  manufacturing  industries. 

4-  Acknowledge  with  experts  and  distinguish  scientists  in  the  intended  areas. 


Opening  Session 


Prof.Dr.Morsi  M.  Morsi 
(  Organizer  frof  NRC  ) 
Presenting  his  speech  in  the  opening  session 


Speech  of ; 

Prof.  Dr.  Morsi  M.  Morsi 
(  coordinator  form  NRC  ) 

on  the  occasion  of  opening  the  first  workshop  in 
Technology  transfer  program  on  frontiers, 

23  Sept.  1996 

Mr.  President, 
distinguish  guests 
Ladies  and  gentlemen 

Welcome  you  all  in  the  first  workshop  in  the  technology  transfer 
program  on . 

This  workshop  will  discuss  five  topics  given  by  distinguish  guests  from 
England,  France,  and  USA.The  topics  are  useful  in  the  fields  of  dental 
implants,  surgery,  glass  industry,  optics  and  chemical  industry. 

The  sol-gel  method  will  be  presented  and  its  utilization  in  preparation  of 
optics  will  be  given  as  an  example. 

Attention  will  be  given  to  biomaterials,  which  are  the  most  important 
synthetic  materials  for  reconstruction  of  the  body.  The  materials  are  generally 
no  different  in  structure  and  properties  to  materials  used  in  chemical,  aerospace 
or  nuclear  industries.  It  is  the  matching  of  the  properties  of  materials  and  unique 
requirement  of  surgical  reconstruction,  that  is  the  key  to  biomaterial  science. 

Biomaterials  may  include  in  general,  metals,  polymers,  glass,  ceramics 
and  composites. 

As  examples  for  the  utilization's  of  the  bioactive  materials,  certain 
compositions  of  glasses,  ceramics,  glass  ceramics  and  composites  have  been 
shown  to  bond  to  bone.  Some  more  specialized  compositions  of  bioactive 
glasses  will  bond  to  soft  tissues  as  well  as  bone. 

Some  bioactive  glass  granules  can  fill  the  gaps  between  bone  and  living 
tissue  or  to  coat  inert  implants,  or  to  replace  missing  bone  which  become 
infected  or  concerous  . 

Glass  microspheres  containing  certain  radio  active  isotope  are  used  for 
radiation  treatment  where  they  are  injected  through  a  catheter  placed  in  an 
artery  and  the  blood  stream  carries  them  to  kill  the  cancer  cells  without  serious 
side-effects. 

The  present  workshop  will  discuss  also  the  IR.  transmitting  glasses. 
These  materials  have  potential  applications  in  night  -vision  systems, 
telecommunication  links  and  in  laser  and  amplification  purposes.  They  are 
used  also  in  pyrometry  and  remote  IR  spectroscopy. 


The  industrial  glass  melting,  methods  of  firing  and  reducing  energy 
consumption,  glass  melting  problems,  and  the  relation  between  the  material 
properties  and  the  melting  process  will  be  discussed. 

The  role  played  by  the  glass  surfaces  in  determining  of  its  chemical  & 
physical  properties, and  methods  of  surface  compositional  analysis  will  be 
discussed.  Emphasis  will  be  given  to  the  relation  between  surface  chemistry, 
manufacturing  processes  and  the  performance  of  the  fabricated  glass  object. 

In  short  ,it  can  be  said  diat  the  present  workshop  will  through  light  on 
advanced  glassy  materials  and  the  technology  of  its  preparation  as  a  first  step  to 
enhance  its  introduction  in  the  Egyptian  market.  On  the  other  hand,  the 
workshop  will,  also  ,  discuss  the  technology  of  improving  product  quality  and 
product  performance  to  fulfill  the  international  standards. 

It  is  hoped  that  the  NRC  Program  of  Technology  Transfer  will  also 
through  light  on ; 

1 - Technologies  and  materials  that  could  be  new  subjects  for  manufactures 

who  wishes  to  generate  productive  new  business. 

2-  New  areas  for  research  and  development. 

3-  Latest  developments  in  manufacturing  industries. 

4-  Experts  and  distinguish  scientists  in  the  intended  areas. 

At  the  end  of  my  speech  I  would  like  to  express  my  appreciation  :  to 
Prof.  Dr.  Nabel  Saleh  president  of  the  NRC  for  his  continuos  support  and 
supervision  of  this  workshop. 

My  deep  appreciation  to  Dr.  Osama  El  Bayomi  ( coordinator  -  from 
EOARD  )  for  his  support  and  continuos  cooperation  during  coordinating  of  this 
workshop. 

Thanks  are  also  due  to  the  United  Air  force  European  Office  of 
Aerospace  Research  and  Development  for  its  contribution  to  the  success  of  this 
workshop. 

My  thanks  and  appreciation  to  the  distinguish  guests  ,Dr.  J.  wilson 
Hench,  Prof  Dr.  L.  Hench,  Prof  Dr.  J.  Lucas,  Prof  Dr  H.  De  Waal  and  Prof 
Dr.  C.  Pantano  for  accepting  the  invitation  to  participate  in  this  workshop. 

My  thanks  to  members  of  the  advisory  committee  Prof  Dr.  El- 
Mallawani  &  Dr.  M.  Hindawy,  and  to  many  of  my  colleges  and  administrators 
members  in  the  NRC  for  their  cooperation  and  assistance. 

Thank  you  for  attending  this  workshop  hoping  to  see  you  again  in  the  second 
workshop  in  this  program 

Morsi.  M.  Morsi 
Organizer-  from  NRC. 


Prof.  Dr.  Nabiel  Saleh 
(President  of  the  NRC) 
during  his  talk  in  the  opening  session 


Distinguish  lecturers 
during  their  talks 


Prof.  Dr.  Larry  Hench 

Dr.  June  Willson  Hench, 

Prof  Dr.  Jacques  Lucas 

Prof  Dr.  Hendrikus  De  Waal 


Prof  Dr.  Carlo  Pantano 


Part  of  the  activities 

during  the  welcome  reception  and  breaks  between  the  lectures 
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Closing  Session 


